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Absolute Infrared Intensities of the CS. Fundamentals in CCl, Solution and of the 768-797 
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The absolute infrared intensities of two nonpolar solute molecules were determined in nonpolar solvents 
by extrapolating the apparent intensities to zero concentration. For CS, the intensities were found to be 
5.8X 10" cm mole! in CC in 5.2 107 cm mole in CCl, for the v3 (1523 cm~!) mode, and 9.5X 10° cm mole 
in CCl, for the v2 (395 cm) mode. For CCl, the intensity of the 768-797 cm~ Fermi doublet was found to 
be 5.410" cm mole™ in cyclohexane. The results are discussed in relation to the Polo-Wilson, Person, and 
Buckingham expressions for the gas to solution intensity ratio. Modifications of the dielectric expressions 


were investigated. 


INTRODUCTION 


HE relation between the absolute intensity of 

infrared absorption bands in the gas phase and in 
solution has been investigated by several workers with 
conflicting results.“ Interpretations of the data have 
been so far based mostly on the work of Polo and Wil- 
son’ for liquids and its modified form for solutions 
given by Person? which yields an expression for the ratio 
of solution and gas phase absolute intensities in terms 
of the refractive index of the solvent and solute. These 
treatments are based on Onsager’s’ theory of dielectric 
polarization. The expressions predict an increase of 
approximately 30% in the intensity in the condensed 
phase as compared to that in the gas phase. Experi- 
mental data are still sparce on simple molecules for 
which this prediction can be tested; to this end we have 
studied two relatively simple nonpolar molecules in 
nonpolar solvents. 
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The apparent solution intensities were obtained at 
several solute concentrations and the absolute inten- 
sities were determined by the use of the Wilson-Wells 
method as described by Ramsay.’ According to this 
method the absolute intensity A is given by 


mL-0 


A=lim E > fin( T)/T) ar 


where the expression in the brackets is the apparent 
integrated absorption, m the solute concentration in 
moles/cm’, L the cell length, and 7/7 > the apparent 
fractional transmission. 


CS, 


Experimental 


Stretching mode. The range of concentrations m for 
this mode in CCl was from 1.1X10~ to 5.5107 
moles per liter. The solutions were run “‘double beam” 
(on a Perkin-Elmer model 21 instrument) using a 
0.112-mm liquid cell for the solution and a variable 
liquid cell (set at about 0.109 mm) for the solvent to 
compensate for solvent absorption. A spectral slit 
width of 9 cm™ was used which gives approximately 
0.6 for the ratio of spectral slit width to apparent half- 
intensity width. Ramsay’s wing corrections were used 
for the area 40 cm™ beyond the band center on either 
side. The wing correction amounted to about 9% of 


8D. A. Ramsay, J. Am. Chem. Soc. 74, 72 (1952). 
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cm! in CCl, solu- 
the apparent area. The results are shown on Figs. 1 
and 2. The value of Ajsoin, together with the probable 
error obtained from treatment of the data by the 
method of least squares, is 5.8+0.1610’ cm™ per 
mole per cm? at 25°C. This mode was also measured in 
CCl; solvent according to the above procedure with 
spectral slit width of about 9 cm™ and 30 cm™. The 
results are shown on Fig. 3. The value of 
5.2+.1X10" cm“ per mole per cm? at 25°C. 

Bending mode. For this mode the concentration range 
was 1.5—6.2X10~ moles per liter. The solutions were 
run on a single beam instrument (Perkin-Elmer model 
112 with CsBr prism) using a 0.473 mm KBr fixed 
liquid cell for both solution and solvent and running 
them in succession. There was no noticeable solvent 
absorption. The spectral slit width was approximately 
6 cm“ which gives 0.92 for the ratio of spectral slit 
width to apparent half intensity width. Under these 
conditions the wing corrections by Ramsay’s method 
amount to only a few percent, these have not been 
included in the measured apparent absorption areas 
plotted on Fig. 4. Since there was no noticeable solvent 
absorption near this band, the measurements were 
also carried out with variable cell thicknesses using a 
KBr variable liquid cell at 0.666-0.166-mm cell thick- 
nesses and a solution of 2.35 10~ moles per liter con- 
centration. Solvent spectra were determined at the 
same cell lengths as the solution spectra. The slit- 
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width was about the same as the one used for the con- 
stant cell thickness and variable concentration run. 
The results are shown on Fig. 4 and Fig. 5. The value 
Of Aogoin Obtained from the two sets of results is 9.5 
0.2 10° cm mole per cm? at 25°C. 


Comparison with Previous Data 


Table I shows the previous data on the absolute 
intensities of the CS. modes. The solution data (at a 
single concentration) in CCl, and in CCl, by Ferguson 
and Kagarise are in very good agreement with our 
data. Their sample cell thickness was’ 5.9X10-* cm 
giving 4.85X10~7 mole per cm? for mL. Using the gas- 
phase data the ratio A soin/Agas is about 1.07. 

For the bending mode so far we do not have absolute 
intensity values obtained from gas-phase data. Very 


approximate estimates of the gas-intensity value were 
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Fic. 3. Intensity of the »; mode of CS: in CsCl, solution. 
given by Schatz,'® and Kagarise and Ferguson. These 
were obtained by subtracting the atomic polarization 
due to the v; mode from the total atomic polarization, 
calculated from the static dielectric constants and 
indices of refraction, and then calculating the intensity 
corresponding to this atomic polarization of the v 
mode. Inherent in these results is the assumption that 
the Atiquia/Agas ratio is the same for the stretching 
and the bending modes. For the stretching mode the 
ratio used is approximately 1.4. Comparing these 
approximate gas intensity values with our solution 
results, the ratio Aesoin/ A 2gas turns out to be about 0.48. 

Our bending mode intensity gives a bond moment 
of 0.78D. Compared to this, Schatz’s estimate is 1.17 D 
and Kagarise’s is 1.24 D. 

DISCUSSION 

Several workers have considered the calculation of 
Agoin/Agas ratios from dielectric polarization theory. 
Notably Polo-Wilson® and Person® gave expressions 
for Atiquia/Agas ANd Agoin/Agas ratios. These are based 
on the relation 

A goin/ A gas = F?/ Ee’, 


9 Private communications with Dr. R. E. Kagarise. 
1 P, N. Schatz, J. Chem. Phys. 29, 959 (1958). 





ABSOLUTE INTENSITIES 
where F is the “effective” field acting upon the un- 
perturbed absorbing molecule in the solution (or 
liquid) phase while £» is the field acting on it in a 
vacuum. The dielectric theory is used to calculate F 
which is taken to be the internal field acting at the 
center of a small spherical cavity of radius a in the 
dielectric medium. The calculations are based on 
Onsager’s treatment of the internal field as the sum of 
the cavity field G and the reaction field R, due to the 
polarization of the dielectric by the total (permanent 
and induced) dipole moment of the molecule. 

A further assumption is the use of the Clausius- 
Mossotti! expression for the polarizability a of the 
molecule . 


a=[(m?—1)/(ne+2) Ja’, 
is the refractive index of the solute. The 
Clausius-Mossotti expression is based on treatment of 
the molecules as isotropic spheres, where 


where io 


a=4(ayta.+a;3) =a) =a2=a3. 


Such a situation may be encountered if we consider a 
triply degenerate mode of a spherical molecule where 
the polarizability associated with a particular mode 
would indeed be a. The result of Person’s treatment is 
the expression 


A soin/ Agas=n7}{ (me?+2)/L(mo/n)?+2]}?, (1) 


where m refers to the solvent and mp to the solute. 

More recently A. D. Buckingham” has discussed the 
solution-gas intensity ratios for diatomic molecules, by 
giving a more detailed treatment of the modification of 
the time dependent perturbation theory which for 
nonpolar molecules leads to 


A oin/ A gas = [9n*/ (2n?+1)? |[ (1— ga)! P. 


Actually Buckingham’s result can be derived from 
the previous type treatment (i.e., Polo-Wilson or 
Person) if one does not substitute for the value of a 
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Fic. 4. Intensity of the v. mode of CS: in CCl; solution. 


uC, J. F. Béttcher, Theory of Electric Polarization (Elsevier 
Publishing Company, Inc., New York, 1952), p. 199. 

2A. D. Buckingham, Proc. Roy. Soc. A248, 169 (1958); 
A255, 32 (1960). 
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the Clausius-Mossotti expression, but expresses 
effective field in terms of a (see Appendix A). 

To extend the Polo-Wilson or Buckingham treat- 
ment to polyatomic molecules, instead of replacing a 
by the Clausius-Mossotti expression, one may con- 
sider the three principal components of the polarizabil- 
ity: az, ay, and a;. For the two infrared active modes 
of CS. one may consider two different polarizabilities. 
Taking as the molecular axis the x axis, for the stretch- 
ing mode a, may be considered as the polarizability 
determining the induced dipole moment oscillating 
with the frequency of the field. Thus the reaction field 
would also be determined by the polarizability associ- 
ated with the particular mode. The intensity ratio 
would become for this mode (see Appendix A) 


the 


A 3qas=n'[3n?/(2n?+1) PL(1— gaz) f, 


A ggoin (IL) 
and a similar expression would hold for the vz mode of 
CSe, with a, instead of a. 

Since the polarizabilities, a, and a, are quite different, 
the ratios would also be different to a sufficiently large 
extent to be measurable. 

The Asoin/Agas ratios, calculated from the formulas 
given, are shown in Table II. 

Our results from Table I give a ratio for the stretch- 
ing mode that is much smaller than the predicted one. 
The difference between the experimental and predicted 
values is larger than the usual 5-10% uncertainty in 
the experimental results. For the bending mode the 
gas-phase estimates available for comparison are very 
approximate but there is some indication that the ratio 
is less than 1. The ratio of the soln/gas ratios of the two 
modes according to the modified treatment above 
should be about 0.79, while according to the Person 
equation, 1.0. 

The fact remains however that the actually observed 
A3soin/A3gas ratio is about 35% smaller than the one 
predicted by the dielectric theory. Several modifica- 
tions of the dielectric treatment were considered. So 
far the absorbing molecule has been considered to be 
located at the center of a spherical cavity. It is possible 
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TABLE I. Absolute infrared intensities of the CS. fundamentals. 


Present results 


cm™/mole per cm*) cm! 


Other solution 
2" data 
mole per cm?(STP) 


Gas phase 
data 


Liquid results 
cm™!/mole per cm?(STP) 


cm™/mole per cm?(STP) 








(1523 cm=) 
mode 


aoa 


ve (395 cm™! 
mode 


-9X 10° 


aS 
b 5% (by volume) solution in C2Cla by Ferguson and Kagarise. 


© D. Z. Robinson, J. Chem. Phys. 19, 881 (1951). 
4 R. Kiyama and K. Ozawa, Rev. PI ys. Chem. Japan 25, 40 (1955). 


(by volume 


X107 8 


.8X 107» 5.47 
5.58107» 


solution in CCl. E. E. Ferguson and R. E. Kagarise, J. Chem. Phys. 31, 236 (1959). 


.67X 107 ¢ 7.35X10' * 
.58X 107 4 7.50X 107 « 
.76X 107° 


© D. C. McKean, H. J. Callomon, and H. W. Thompson, J. Chem. Phys. 20, 520 (1952) 


f From liquid dispersion data by Kagarise and Ferguson. 
&P.N. Schatz, J. Chem. Phys. 31, 1146 (1959) ; 29, 959 (1958). 
h In CCk solution 

*In CeCls solution 


to modify the dielectric description’ so that an ellip- 
soidal cavity is considered. To see the effect of the 
two factors, the cavity factor) X1/n, i.e., (a;)?/n, and 
the [(1—gia;) 1? term in n™(a;)*?[(1—g,a;)1 P= 
(Asoin/Agas) i, Where 7 refers to a particular mode, are 
listed separately in Table AI. 

The net effect is practically a reversal of the magni- 
tudes of the predicted intensity ratios for the stretching 
and bending modes. For the stretching mode both the 
(cavity factor) X1/n and the reaction field term de- 
creased considerably by going from the spherical to 
ellipsoidal cavity while for the bending mode each in- 
creased somewhat. The effect is evidently much larger 
for the stretching mode. 

The justification for using an ellipsoidal cavity for 
CS: in CCl, however, may be questionable because of 
the spherical symmetry and the relative size of CCly 
as compared to CS». Presumably CS. would fit into a 
cavity created by the removal of a CCl, molecule in 
pure CCl, [also some investigators" find it more reason- 
able to use (MW/pN avog) solvent=@°4r/3 rather than 
the solute values |. The molecular dimensions (along 
the long axis of CS.) calculated from bond distances 
and van der Waals radii are: a=3.56 A for CCl, and 
a=3.39 A for CS:. From the assumption of closest 


Pas e II. Calculated intensity ratios. 


Mode Solvent 


1.37 
1.37 
, a 


® Using mo (at 6.574) =1.434 for CCl at 20°C; m (at 244) =1.585 for CSo. 

b 4 =3.38 A obtained from MW/N Ay=2%47r/3 a@z=151.4X10~% cm? a@y=55.4X 
10-% cm#; C. P. Smyth, Dielectric Behavior and Molecular Structure (McGraw- 
Hill Company, Inc., New York, 1955), p. 415. 

© mo (at 5.834) =1.477 for CoCh at 21°C. 

18 Reference 11, p. 74. 
4 A.D. E. Pullin, Spectrochim. Acta 13, 125 (1958). 


packing of spheres and molecular weight and density 
data one estimates a=3.05 A for CCl, and a=2.62 A 
for CS:. In any case, CS: appears to fit well into a CCl 
cavity, without necessarily distorting much the arrange- 
ment of the other CCl, molecules in its neighborhood. 

The CS» stretching mode intensity in C2Cly solution 
is about 10% lower than the one in CCl, solution. One 
may consider a somewhat less spherical cavity for 
CS: in this solvent, but the actual intensity reduction 
is not nearly that which would be required for an 
ellipsoidal cavity of the shape of the CS: molecule. 

The possibility of a noncentrally located dipole in a 
spherical cavity was also considered. The results 
show that the intensity ratio Agoin/Agas tends to in- 
crease as compared to that of the centrally located 
dipole. Calculation of this effect for an ellipsoidal 
cavity have not been considered here. 

Repulsive forces may be producing an effect in the 
opposite direction to that of the internal field. Repul- 
sive forces between CS. and neighboring CCl, mole- 
cules might change the polarizability a, in such a way 
as to give an effective polarizability a, and change the 
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Fic. 6. Absorption band of CCl, near 780 cm™ in cyclohexane 
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solution. 


6 Reference 11, p. 101. 
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ratio (1—ga,)~!. For a spherical cavity, however, in 
the first approximation, the effect of a repulsive po- 
tential appears to be zero for the antisymmetric stretch- 
ing and bending modes, presumably because the po- 
tential energy must be expressed in terms of the totally 
symmetric normal coordinates Q), and the derivatives 
of the potential energy with respect to the other normal 
coordinates, Qs, Q2 are zero. 

Our treatment is limited to nonpolar solute and 
solvent molecules. Within this general limitation, how- 
ever, different results are possible depending upon the 
cavity shape and the magnitudes of the polarizability 
values along the principal axes. One would need in- 
tensity data, both in the gas phase and in solution, for 
a number of selected molecules, for which different 
cavity shapes and polarizabilities may be assigned. 
Such data are still meager and thus it appears prema- 
ture at this time to discuss further the extent to which 
our modifications might remedy major experimental 
discrepancies. We have also left open the question of 
the effect of short range forces. These may contribute 
significantly to the intensity changes from gas phase 
to solution, but the magnitude of these is not yet well 
understood. 


768-797 cm~! FERMI DOUBLET OF CCl, IN 
CYCLOHEXANE SOLUTION 


Experimental 

The range of concentrations of CCl, in cyclohexane 
was 1-10X10~? moles per liter. The solutions were run 
“double beam” (on a Perkin-Elmer model 21 instru- 
ment) using a 0.112-mm NaCl and a 0.473-mm KBr 
liquid cell for the solutions and a variable liquid cell 
set at about 0.109 and 0.468 mm, respectively, for the 
solvent to compensate for solvent absorption. Because 
of the shape of the band no wing corrections were 
applied. Integration was carried out 60 cm™! toward 
the short wavelength side and 70 cm toward the long 
wavelength side from the approximate center of the 
band. The area obtained is about 5.4X10’ cm~/mole 
per cm? at 25°C. The results are shown on Fig. 6 and 
Fig. 7. 


Comparison with Previous Data 


Kagarise!® determined the intensity of this band in a 
dilute (10% by volume) solution of CCl, in CS: at a 
cell thickness of 5.9X10~* cm. He obtained a value of 
A =4.51X10° cm~, which he compared with his pure 
liquid dispersion results of A=4.77K10™ cm. 
Dividing the A values by moles per cm* of CCl, one 
obtains for the CS» solution A son = 4.38 X 107 em—!/mole 
per cm? at 25°C, and from the pure liquid, A.soin= 
4.63X 10" cm™'/mole per cm?. Using the dielectric 
expressions for the solution gas intensity ratios one 
can calculate A goin cyetohex/Asoin cs, and this turns out 


16 R. E. Kagarise, J. Chem. Phys. 31, 1258 (1959). 
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Fic. 7. Intensity of the 768-797 cm™ Fermi doublet of CCl, 
in Cyclohexane solution. 


to be about 1. Conversion of the concentration from 
10% by volume to moles of CCl, per cm* leads to 
m=1.03X10~* moles per cm* and mL=6.07X10 
moles cm per liter. Kagarise’s point is shown on Fig. 7 
and is in very good agreement with our more extensive 
solution measurements. Our Agoin Value is about 20% 
higher than his converted solution intensity; this is 
expected from the slope of the extrapolation line in 


Fig. 7. 
Discussion 


Gas phase absolute intensity data are not yet avail- 
able for this band. Such data would allow determina- 
tion of the Agoin/Agas ratio and it would be of interest 
to determine whether this is in agreement with the 
ratio proposed by the dielectric theories of Polo- 
Wilson or Person, and Buckingham and our modifica- 
tion of these. Since for a triply degenerate mode 
a1 =a,=a;=a, in our modification, all of the proposed 
ratios would be approximately equal to 1.35. The 
cavity shape could also be considered strictly spherical 
here so that the conditions, aside from the relative sizes 
of the solute and solvent, are ideal for testing the di- 
electric theories. 

APPENDIX A. EFFECTIVE FIELD CORRECTION FOR 


INFRARED INTENSITY OF NONSPHERICAL SOLUTE 
IN HOMOGENEOUS DIELECTRIC MEDIUM 


According to Onsager, the effective field E, is given 
by 
2 3e _  2(e—1) 
E, E+ 
2e+1 


_ i 
2e+1 
This becomes identical, upon replacement of € by 1’, 
with the equation used by Polo and Wilson. Taking for 
a nonpolar molecule, p= aE, and replacing 


[2(e—1) /(2e+1) ](r*)- 
by g, the reaction field factor, we obtain 


1. =[3e/(2e+1) JE+-gak, 





(p/r) =G+R. 


and 
E?/E?=[3e/(2e+1) PL(1— ga) P. 
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Tas_e AI. Effect of cavity shape on predicted intensity ratio for 

the CS: fundamentals. 

Spherical cavity Ellipsoida cavity 

Reactior 
field 


term 


Reaction 
field 
term 
Cavity 
factor 
X1/n 


0.30 


1.18 


If we replace € by n? and use the additional relations 
Ev=nFE and Al/Ag=E2/E? used by Polo and Wil- 


son, we obtain 


Al/Ag=[9n'/(2n?+1 ip 


> IL 1 = 22 j 
This is for a nonpolar liquid; refers to the refractive 
index of the medium and a refers to the polarizability 
of a nonpolar molecule. For a very dilute solution of a 
nonpolar solute in a nonpolar solvent, 2 can be taken 
as the refractive index of the solvent and Al can be 
replaced by Asoin. The above equation becomes then 
identical with Buckingham’s expression for a nonpolar 
solute in a nonpolar solvent, as mentioned in the dis- 
cussion of our paper. 

If we abbreviate the second equation above, we have 


E.=aE+gak.. 


The ir intensity is based fundamentally on electro- 
static perturbation, and for a particular mode will be 
assumed to arise due to a vibrating molecular dipole 
oriented along molecular axis number 1; further, for 
axes 1, 2, 3, polarizability is diagonal, and of form 


0 


0 


The perturbation energy is 
p-E.=ap-E+gpeE.. 


We can now compute each of the scalar products in 
either laboratory, or molecular axes. Let us do so in 
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molecular axes 
p-E.= po( FE.) 2+ ps( Ee) st pil Fe) 1= pil Le), 


because of the assumption about the vibrating dipole. 
Similarly 


ap-E=ap,k, and gpaE,=gpiai( E.):. 
pi( FE) 1 =apikitgpion(E.)1 
or fi( E.)1=[a/ (1—gar) |piFi. 


Now we have merely to calculate /; and (/); in terms 
of components in laboratory axes; without loss of 
generality, assume E,=0, F,=0, E,=E. Then” 


k= $,,F,4+0yFy+ hE. 


Hence, 


Now pi(£,)1 is the perturbation energy, and the transi- 
tion probability is therefore governed by it: 
Transition probability ~[a/(1—ga1) Pp FE. Since 
a—1 and 6—0 in vacuum, and since E= E)/(n)!: 
Transition probability ~p’F?=prEe in vacuum 
(dilute gas). Thus the correction factor is 


A soin/ A gas=n~'La/(1—gau) |. 
Spherical case. lf 
Qa = A2 > A, then a= i ( ay t+ar+az;) =. 


Under this condition upon substitution of the Clausius- 
Mossotti expression for the value of @ one obtains 
Person’s equation for solutions and Polo-Wilson’s for 
liquids. 

Nons pherical case. If axAa.=az3 we have for 


( 4 1 pein { on i> ( é 1 soln /, 1 on) Person > ( 4 I eatin) 2 I gas ) 2- 


APPENDIX B. EFFECTIVE FIELD IN ELLIPSOIDAL 
CAVITY 


In Tablé AI we listed the result of calculations carried 
out for spherical and ellipsoidal cavities. For the 
ellipsoidal cavity we used the ideas of the previous 
appendix except that both a and 6 depend now also on 
the particular mode. For CS: the direction of the long 
axis of the molecule is taken to coincide with the 
direction of the major axis of the ellipsoid. Expressions 
for a and 0 are given by Béttcher. We used ellipsoids 
of the same volume as the sphere above. 


a See E. B. Wilson, Jr., J. C. Decius and P. C. Cross, Molecular 
Vibrations (McGraw-Hill Book Company, Inc., New York, 
1955), p. 164. 
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s-Tetrazine. I. High-Resolution Vapor-Phase Study of the Visible n—x* Vibronic 
Absorption Band Systems} 


GLENN H. Spencer, Jr.,{ Paut C. Cross, AND KENNETH B. WIBERG 
Department of Chemistry, University of Washington, Seattle 5, Washington 
(Received October 31, 1960) 


The low-resolution electronic spectrum ef s-tetrazine vapor has 
been measured down to about 190 mu, and the complex systems 
of vibronic bands that comprise the n—2x* visible absorption 
spectrum have been studied under higher resolution. These latter 
spectra were photoelectrically recorded in the third order of a 
21-ft grating spectrograph, using path lengths from 0.05 to 48 m 
and temperatures from —70° to 70°C. In the absorption region, 
4500 to 6100 A, the spectrum consists of over 500 sharp, vibronic 
band peaks. Their collected Q-branch maxima have been meas- 
ured to the nearest cm™, but no discrete rovibronic structure was 
resolved. 

The outstanding feature of the visible spectrum is a set of four 
intense progressions, each of which is propagated by the consecu- 
tive excitation of the same vibration (believed to be the totally 
Symmetric mode 6a). In the ground state, the frequency of this 


1. INTRODUCTION 


HE symmetrical tetrazine molecule C,H,N, is one 
of an isoelectronic family (homologous with ben- 
zene) of eleven possible heterocyclic, nitrogen-contain- 
ing, aromatic, six-membered ring compounds named 
the azines, of which six so far have yielded to the tech- 
niques of chemical synthesis. This is the first of a series 
of papers that will be concerned in general with the 
infrared, visible, and ultraviolet spectra of s-tetrazine, 
and in particular, with the understanding of the ener- 
getics of its four lone pairs of nitrogen, nonbonding 
electrons. In order to aid in the interpretation of the 
molecular spectra of s-tetrazine, certain correlations of 
its electronic and vibrational dynamics with those of 
benzene and the other azines have been examined. 
Involved primarily with experimental details, this first 
paper reports some of the electronic spectral data that 
we have obtained for s-tetrazine. However, because the 
finer aspects of a general n—>n* theory for the azines 
have not yet been well formulated, only certain general, 
qualitative arguments pertaining to the vibronic analy- 
sis of the visible spectrum can be presented at this time. 
Since our study of this spectrum may be of interest to 
persons investigating the nature of other m—2x* transi- 
tions or the problem of electronic-vibrational interac- 
tion, the experimental results from this study are herein 
reported. 
A drawing of the s-tetrazine molecule is presented in 


t Work supported in part by the U.S. Air Force Office of Scien- 
tific Research, Air Research and Development Command. It 
represents part of the Ph.D. thesis research of GHS and was re- 
ported in part at the Ohio State Molecular Structure and Spec- 
troscopy Symposium, June, 1959. 

t National Science Foundation Postdoctoral Research Fellow 
(1958-59) at Harvard University. Present address: Department 
of Chemistry, Stanford University, Stanford, California. 


vibration is 737 cm™ for s-tetrazine-dy and 720 cm” for s-tetra- 
zine-d2; these frequencies drop to about 700 and 690 cm”, re- 
spectively, in the excited n—+x* state(s). From simple molecular 
orbital theory and the Herzberg-Sponer-Teller selection rules, a 
plausible, preliminary, singlet absorption model is developed and 
is qualitatively applied to the spectral data. Because there may 
be an “almost accidental degeneracy” of some of the n—7* states 
of the azines (excluding pyridine), the need for a more elaborate 
model that will properly treat the electronic-vibrational interac- 
tion problem is emphasized. Although a complete vibronic analy- 
sis has not yet been obtained, the presence of three electronic 
transitions forbidden on the basis of Dx» excited state molecular 
symmetry, as well as the electronically allowed n—n* transition, 
is suspected. 


Fig. 1 showing the approximate bond angles and dis- 
tances that have been determined by the x-ray diffrac- 
tion studies of Bertinotti, Giacomello, and Liquori.'” 
The molecule is reported to be planar in the ground 
electronic state, has a molecular symmetry given by the 
point group D»,(V),), and is an asymmetric rotor. What 
little is known about the chemistry of s-tetrazine has 


Fic. 1. The geometry of 
s-tetrazine molecule. 


been well summarized recently in a monograph by 
Erickson, Wiley, and Wystrach.* However, the funda- 
mental vibrational frequencies of s-tetrazine have not 
yet been generally discussed in the literature from either 


1F. Bertinotti, G. Giacomello, and A. M. Liquori, Acta Cryst. 
8, 513 (1955); 9, 510 (1956). 

2In this and in future discussions of the symmetry properties 
of the azines, we shall adopt the convention that these molecules 
lie in an XY plane. A twofold axis passing through atoms will 
then be taken as the Y axis; for pyridazine, however, the X axis 
is taken as the twofold axis to emphasize that the symmetry axis 
bisects bonds. 

3 J. G. Erickson, P. F. Wiley, and V. P. Wystrach, The Chem- 
istry of Heterocyclic Compounds, Monograph Series, Tenth Volume. 
The 1,2,3- and 1,2,4-Triazines, Tetrazines, and Pentazines 
(Interscience Publishers, Inc., New York, 1956). 
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an experimental or theoretical point of view.‘ The mole- 
cule, which has not been found in nature, is a red solid 
and is metastable with respect to decomposition at room 
temperature, but may be sublimed at 99°C. Its room 
temperature decomposition rate is strongly increased 
upon exposure of the vapor to the intense illumination 
of the light sources usually used in spectroscopic studies. 
Although s-tetrazine crystals may be stored in the dark 
at —5°C for several months without appreciable decom- 
position, they decompose in a few days in a stoppered, 
air-containing glass vial at room temperature under 
normal lighting conditions. The kinetics of the decom- 
position has not yet been studied, but we know that at 
least one of the immediate decomposition products is a 
solid and that hydrogen cyanide is produced. No vapor 
pressure studies have yet been performed, but we 
estimate that at 25°C the pressure of s-tetrazine vapor 
is between 0.1 and 1.5 mm Hg. Because they are not 
well understood, some interesting thermochromic effects 
that are observed with s-tetrazine in a condensed phase 
deserve mentioning. A compact collection of crystals of 
s-tetrazine, which appears quite red at 298°K, turns 
continuously more orange as the temperature is reduced, 
and appears yellow-orange at 78°K. Yet solutions of 
s-tetrazine in various low-melting solvents show no 
yellowing of their room temperature red color as the 
temperature is reduced to 195°K. 

The red color that visually characterizes a room tem- 
perature assembly of s-tetrazine molecules is now con- 
sidered to be the collective, chromatic consequence of 
n—x* absorption transitions. According to the prevalent 
model of n—7* transitions in the azine molecules, one 
pictures the excitation of one of the nitrogen lone-pair 
electrons from its ground state, more or less localized, 
nonbonding molecular orbital 2 to one of the vacant, 
delocalized, more energetic, antibonding molecular 
orbitals x* of the ring. A valuable review of work that 
has been reported on electronic transitions involving 

‘In the second paper of this series we shall present the results 
of our studies on the infrared absorption spectra of various mix- 
tures of s-tetrazine-do, -d;, and -d2. Because descriptions of most 
of the somewhat ambiguous preparative chemical details are 
spread over a number of papers in the German literature before 
the turn of the nineteenth century, we shall also give there a 


brief discussion of a convenient synthesis and the deuteration of 
s-tetrazine. 
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lhe visible and near ultraviolet spectrum of s-tetrazine vapor under low resolution. Comparison with high-resolution spectra 
-1.5 mu to the indicated wavelengths. 


nonbonding electrons of polyatomic molecules has 
recently been given by Sidman® in which the definitive 
work of Kasha, Platt, and others is well discussed. Hirt® 
was perhaps the first to specifically point out the n—7* 
character of the visible absorption spectral data of s- 
tetrazine that has been reported by other workers,’~” 
and satisfaction of the criteria proposed by Kasha’ for 
distinguishing between n—2* and 2*—n* transitions 
is perhaps not more easily demonstrated in the solution 
spectra of any other molecule." It is of historicai interest 
to note that in 1913 Koenigsberger® had already 
expressed a healthy curiosity regarding the special 
nature, the characteristically sharp structure, of the 
visible spectrum. 


2. VAPOR-PHASE ELECTRONIC SPECTRUM 
UNDER LOW-RESOLUTION 


The electronic absorption spectrum of s-tetrazine 
vapor shown in Fig. 2 was taken with a Cary recording 
spectrophotometer, model 11S. The millimicron values 
labeling certain peaks of the spectrum are direct, 
uncalibrated spectral readings. From a comparison with 
the high-resolution results, Fig. 3, and from an analysis 
of all of the errors involved, it appears that the mean 
uncertainty inherent in the measurement of the wave- 
number difference between two peaks of this spectrum 
is at least +11 cm7'. Thus it would be extremely diffi- 
rh Sidman, Chem. Revs. 58, 689 (1958). 


. Hirt and R. G. Schmitt, J. Chem. Phys. 23, 600 (1955). 
Muller, Ber. 40, 84 (1907). 


J. 
*R. 
cia a wd A. Darapsky, and I 
8 J. Koenigsberger and K. Vogt, Physik. Z. 14, 1269 (1913). 


9 EF. Miiller and L. Herrdegen, J. prakt. Chem. 102, 113 (1921). 

0 C, Lin, E. Lieber, and J. Horwitz, J. Am. Chem. Soc. 76, 472 
( 1954). 

A, M. Liquori and A. Vaciago, Ricerca sci. 26, 181 (1956). 

12S. F. Mason, J. Chem. Soc. 1959, 1240, 1263, 1269. 

13M. Kasha, Discussions Faraday Soc. 9, 14 (1950). See Sid- 
man’s review article (reference 5) for references to more recent 
work by McConnell, Pimentel, Platt, and Brealey and Kasha. 

14 Low-resolution studies of the temperature dependence and 
red and blue shifts of the s-tetrazine absorption spectrum have 
been carried out (reference 20), and the spectra published by 
Mason (reference 12, p. 1265) are in excellent agreement with 
our low-resolution visible spectra taken under corresponding 
conditions. It is of interest to point out that our high-resolution 
visible spectrum of a pure, 80°K s-tetrazine film is almost identi- 
cal with Mason’s Cary spectrum of s-tetrazine in a 77°K 5:1 
isopentane-methylcyclohexane glass; i.e., a liquid nitrogen cooled 
crystal is too warm for the resolution of much crystal vibronic 
structure. 
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cult to perform more than a very crude vibronic analysis 
of the s-tetrazine visible band systems from low-resolu- 
tion absorption data alone even if all of the fundamental 
vibrational frequencies in the ground electronic state 
and a good electronic model for the visible absorption 
had been established. 

The s-tetrazine vapor spectrum shows no appreciable 
absorption in the region between 290 and 430 mu, 
log(Jo/J) certainly being less than 0.01 for a 50-mm 
path of s-tetrazine vapor at or near its room tempera- 
ture vapor pressure. If it is assumed that this pressure is 
approximately 1 mm Hg, ¢€(247 my)=3700 and 
€(532.6 mu) = 2200 liters/mole-cm. From rough inten- 
sity measurements,' the oscillator strength of the visible 
absorption spectrum of a room temperature, 0.001 M 
solution of s-tetrazine in cyclohexane is estimated to be 
about (8+4) 10-*, corresponding to a transition moment 
of about (20+5)10-? A. 

We have also made an attempt to obtain the spectrum 
of s-tetrazine vapor in the region between 190 and 203 
my with a Beckman DU spectrophotometer. Admit- 
tedly, the measurements were quite crude, but there 
does appear to be a pair of absorption maxima in this 
region at about 191 and 193 my, each of about 3000 in 
extinction coefficient. 

Because it does not present enough quantitative 
information different from that contained in Fig. 2, our 
Cary spectrum of a gaseous sample of a deuterated s- 
tetrazine mixture (88% de, 11% di, 1% do) is not given 
here. Although there are real, but only roughly measur- 
able blue and red shifts of the main peaks, of the order 
of 0.5 to 2.0 mu, the general, over-all appearance of the 
low-resolution visible absorption spectrum of natural 
s-tetrazine vapor remains invariant to deuteration.'® 


3. HIGH-RESOLUTION n->r* SPECTRA 


A more highly resolved absorption spectrum of the 
visible n—>x* transitions of s-tetrazine vapor is pre- 
sented in Fig. 3. It was taken photoelectrically in the 
third diffraction order of a kinematically focused 21-ft 
concave-grating spectrometer, the 6-in. 1500-line/ in. 
grating of which is Eagle mounted, as previously de- 
scribed,'* on a chord of the Rowland circle. In order to 
confirm our belief that the absorption bands in the 
visible region represented vibronic transitions to the 
lowest singlet electronic states of s-tetrazine, we also 
explored the region beyond 610 my to the first-order, 
long wavelength limit of this spectrometer, about 1800 

Mason (reference 12) reports that the s-tetrazine-d: peak 
that corresponds to the natural s-tetrazine 18 134 cm™ peak is 
about 15 cm™ lower in energy. Both our high- and low-resolution 
work indicate that this peak is at about 18140 and 18 147 
(+4 cm) for s-tetrazine-d; and s-tetrazine-d2, respectively. 
This disagreement with Mason has been substantiated by the 
experimental studies of Hexter and Kiefer (private communica- 
tion). Our high-resolution studies do show, however, that certain 
of the other prominent vibronic bands do shift to the red upon 
deuteration; e.g., the 18 283 cm™ band of s-tetrazine-dy shifts 
to about 18 273 (+4 cm™) in s-tetrazine-d). 

6 E. Bair, P. Cross, T. Dawson, FE. Wilson, and J. Wise, J. Opt. 
Soc. Am. 43, 681 (1953). 
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muy, using a lead sulfide detector. No appreciable absorp- 
tion was found for long paths of room temperature s- 
tetrazine vapor in this region, 


3.1 Experimental Arrangement 


In order to secure long light paths through s-tetrazine 
vapor, a cylindrical, multiple-reflection 2-m_ glass 
absorption cell" of the type previously employed in this 
laboratory was used for path lengths of 4 to 48 m.’* Any 
particular cell vapor temperature between —72 and 
75°C could be maintained within a degree or two by 
rapidly circulating an appropriately cooled or heated 
liquid through Tygon tubing wrapped tightly around 
the entire cell. 

A 500-w tungsten-filament projection bulb, supplied 
by 115-v, regulated de power, was used as a radiation 
source, and an RCA 1P21 (S4) photomultiplier tube 
(maximum sensitivity near 500 my) was used as a 
detector. The method of phase sensitive detection'S was 
employed with a chopping frequency of 240 cps, the 
spectrum being displayed on a Leeds and Northrup dual 
pen recorder. The exit slitwidth of the spectrometer was 
fixed at 0.08 mm. For short cell vapor path lengths of 
the order of 4m or less, an entrance slitwidth of 0.1 mm 
was used; for an equivalent signal-to-noise ratio using 
a 48-m path length, an entrance slitwidth of about 0.3 
mm was necessary at 5000 A at the expense of resolu- 
tion. 

Emission lines from a hollow cathode, iron-neon dis- 
charge tube’ and detected by an RCA 1P28 (S5) 
photomultiplier tube (maximum sensitivity near 340 
mu) were used for calibration by taking the mean wave- 
lengths of emission lines obtained immediately before 
and after the recording of the absorption spectra. 

The high-resolution spectrum was taken at a scanning 
speed such that the absorption between 16 000 and 
23 000 cm~ in the third order could be continuously 
recorded in about 3 hr on a 30 ft length of chart paper. 
A scanning speed such that this region could be covered 
in about 12 min was also used, mainly for relative 
intensity studies. 


3.2 Accuracy of the Wavelength Calibration and 
Relative Intensity Measurements 


The wavenumber (not corrected to vacuum) and 
percentage absorption, %A=100—J, where Jp is set 
equal to 100, of each of the 517 strongest absorption 
peaks in the high-resolution visible spectrum of s- 
tetrazine vapor are given in Table I. They are arranged 
so as to show clearly their tabular representation of the 
spectrum given in Fig. 3; the cm™ and %A values 
correspond to the conditions of path length and tem- 
perature of saturated vapor marked on the eight sections 
of the spectrum. 


17 J. U. White, J. Opt. Soc. Am. 32, 285 (1942). 

18 E. Bair, J. Lund, and P. Cross, J. Chem. Phys. 24, 961 (1956). 
9 H. Crosswhite, G. Dieke, and C. Legagneur, J. Opt. Soc. Am. 
45, 270 (1955). 
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TABLE I. The vacuum uncorrected reciprocal wavelength and percentage absorption for the 517 strongest peaks in the high-resolution 
n—x* spectrum of s-tetrazine vapor. These values form a tabular representation of Fig. 3. 


oA cm™ Ni cm"! QA rc 


300.5 10 807.4 
309. ¢ 5 811.3 
& 1 ae 818.3 
830. 
840. 
849. 
858... 
868.7 
881.8 
886. 
891.7 
899. 
903. 
900. 
914. 
930.6 
936. 
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17 844.7 60 — —" ony 
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Table I (continued) 


cm" cm cm"! A 


Section VII 


20 286. 
20 291.5 
20 294.: 
20 305 
20 Si). 
20 313. 
20 317. 
29 320. 
20 328. 
20 339. 
20 352. 


20 473.7 
20 478.0 
20 481.4 
20 500.9 20 698.8 
20 505.8 20 711. 
20 514.1 20 718. 
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In the calibration process? vacuum uncorrected 
interferometric wavelengths were used for those hollow 
cathode iron-neon discharge emission lines for which 
they are known.” Parts of the absorption spectrum 
could be measured in the second and fourth orders, and 
calibration of spectra taken in these two orders provided 
a good check on the accuracy of the calibration of the 
third-order spectra. In general, from considerations of 
all errors throughout the entire calibration procedure, 
the reciprocal wavelengths given in Table I should be 
uncertain by no more than +1 cm™. 

Relative intensity measurements were only qualita- 
tively successful; the photodecomposition of the vapor 
over the rather long scanning times prevented the 
accurate estimation of vibrational frequencies in the 
ground electronic state from the temperature depend- 
ence of the Boltzmann factor. However, by scanning 
the spectrum both forwards and backwards with respect 
to wavelength, and by examining the temperature 
dependence of the relative intensities of a few bands in 
a small region of the spectrum, we have been able to 
assign rough values of the relative percentage absorption 
and to pick out a few bands that definitely represent 
transitions from a vibrationally excited ground elec- 
tronic state (hot bands). A reasonably good estimate 
of the uncertainty in the %A value is +(%A)}. 


3.3 General Features of the n—7* Spectrum 


The spectrum has been presented in eight sections to 
emphasize the many striking, obvious progressions that 


* The details of the calibration procedure are described in the 
Ph.D. thesis of GHS, University of Washington, Seattle (1958). 
L. C. Card No. Mic 59-1239. 

21H. M. Crosswhite and G. H. Dieke, “Section 7g” in American 
Institute of Physics Handbook (McGraw-Hill Book Company, 
Inc., New York, 1957). 
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appear. The ten most prominent progressions are tabu- 
lated in Table II. They are of the general symbolic form 
[n(700) +y—x-+-m (737) |, where m and are integers 
that denote the degree of excitation of a totally symmet- 
rical vibrational mode which has a frequency of 737 and 
700 cm™ in the ground and excited electronic state(s), 
respectively, and x and y denote the, as yet unknown, 
degree of further vibrational excitation in the ground 
and excited electronic state(s), respectively. It seems 
clear that x is zero for most of the progressions. Notice 
that progressions are not prominent when m and m are 
both simultaneously unequal to zero. There are a num- 
ber of shorter, less intense progressions that also involve 
the 737 and 700 cm™ spacings, but no clearly defined 
progressions involving any other frequencies have been 
located (see Appendix). All vibronic bands at energies 
below 18 040 cm™ are believed to be hot. Some of the 
stronger vibronic bands above 18 040 cm™! which are 
also believed to be hot are labeled in Fig. 3 with an H. 

We believe that our data reflect the presence of 
anharmonicity in the excited state(s) 700 cm™ mode 
(possibly vibrational interaction as well). The devia- 
tions of the successive frequency differences within any 
one progression can not all be interpreted in terms of 
uncertainties in the measurement of wavelength. While 
it is true that the center of a vibronic band may be dis- 
placed by one or two wave numbers from the frequency 
of the sharp absorption maximum,” nevertheless this 
error tends to cancel out in taking frequency differences 
within a progression. Thus the values of the differences 


2 Tf azine moments of inertia for the excited n—2x* states are 
as nearly identical to the ground state moments as is now be- 
lieved (reference 12), the energy of the sharp band maximum 
may be a very good approximation to the 09-0 transition 
energy (J, notation). In regard to this matter, we would like to 
thank Professor K. K. Innes for showing us his rovibronic analysis 
results for certain n—x* bands of pyridazine. 
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TABLE II. The ten most prominent vibronic band progressions in the high-resolution n—2* absorption spectrum of s-tetrazine vapor 


values in cm"}, 
bands that are suspected of being hot. 


vacuum corrected). All of the frequencies in column labeled H and in spectrum sections I and II (see Fig. 3 
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738 
17 539 
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702 
19 685 
700 
20 385 
699 
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given in Table IJ are probably in error by less than three 
wave numbers. The reasonable constancy of the com- 
mon ground-state frequency of 737 cm verifies this. In 
particular, progressions G and J show upper-state 
vibrational spacings of this a, mode that are measurably 
larger than those for the other progressions. This sug- 
gests that these two progressions might be associated 
with an excited electronic state different from those 
represented by the other progressions. 

Our high-resolution spectrum of s-tetrazine-dy vapor 
(slightly contaminated with the —d,; and —d» forms) 
shows that the characteristic progression frequencies for 
dideuterotetrazine, analogous to the 737 and 700 cm™ 
spacings in the natural s-tetrazine vapor spectrum, are 
720 and approximately 690 cm™", respectively. 


4. DEVELOPMENT OF A SIMPLE ELECTRONIC MODEL 


It is conceivable that a direct trial-and-error approach 
to the analysis of the »—x* vibronic band systems could 
hit upon a successful, unambiguous interpretation of the 
s-tetrazine electronic spectral data so far collected. In 
view of the numerous papers written on the 2600 A band 
system of benzene, however, it seems unlikely that such 
an approach could produce a unique and satisfactory 
set of vibronic assignments for all of the major bands 
without further experimental data. Such an approach 
would suffer mainly because 10 of the 18 ground-state 
fundamental vibrational frequencies are as yet un- 
known, and seven of the remaining eight, obtained from 
our infrared studies,‘ are only tentative. Undoubtedly, 
the normal coordinates, frequencies, polarizations, and 
other data utilizable in developing an understanding of 
the molecular vibronics of s-tetrazine will eventually be 
obtained. For the present, however, it would be inter- 
esting to examine the major features of the existing 
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7 115 
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electronic data in terms of a simple, preliminary, ab- 
sorption transition model that might be constructed 
from existing theory. The main function of a practical 
model would be to predict the number of electronic 
states represented in the visible n—7* band systems, 
their symmetries, and, at least in a qualitative manner, 
the degree of electronic-vibrational interaction that 
might be expected. 


4.1 Singlet Electronic States 


The most convenient model for the description of the 
electronic states of the azines seems to be that of the 
LCAO-MO approach,” and, independently, Mataga** 
and Paoloni®® have treated theoretically the states 
resulting from the m—7z* transitions in s-tetrazine. 
Although a well-tested model for n—7* transitions has 
not yet been developed, Orgel” has given a preliminary 
discussion of the n—* transitions in the azines; Good- 
man and Shuli” have outlined a semiempirical treat- 
ment which has been extended by Goodman and 
Harrell” to a number of nitrogen heterocyclic molecules; 
and Anno and Sado” have formulated a semiempirical 


23 Early theoretical studies, such as Maccoll’s valence bond 
calculation of the transition wavelengths and resonance energies 
of all the azine molecules, J. Chem. Soc. 1946, 670, are only 
of minor interest because they are “pre-n—7*’’, so to speak; 
they attempt to explain as +—7* transitions absorption bands 
which are now quite reasonably regarded as n—r* transitions. 

*N. Mataga, Bull. Chem. Soc. —_ 31, 453 (1958); Z. 
physik. Chem. Neue Folge 13, 140 (1957). 

% 1. Paoloni, Gazz. chim. ital. 87, 313 (1957); J. Chem. Phys. 
25, 1277 (1956). 

%L. E. Orgel, J. Chem. Soc. 1955, 121. 

27. Goodman and H. Shull, J. Chem. Phys. 22, 1138 (1954). 

1. Goodman and R. W. Harrell, J. Chem. Phys. 30, 1131 
(1959). 

2” T. Anno, J. Chem. Phys. 29, 1161 (1958); T. Anno and A. 
Sado, ibid. 29, 1170 (1958). 
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theory applicable to pyrazine.” Although some degree 
of finality has been approached in the pyridine spectra 
through the work of Sponer e¢ al.,*" the actual vibronic 
details of other azine spectra are not yet well under- 
stood. We shall therefore pay close attention to the 
assumptions made in constructing a model for the ob- 
served vibronic absorption transitions of s-tetrazine. 
Let us begin with the pi and nonbonding molecular 
orbitals that result from the naive LCAO-MO method 
as a reference on which to base our discussion. For con- 
venience, their symmetries are listed in Fig. 4. The pi 
MO’s are qualitatively drawn on an energy scale accord- 
ing to the calculations of Mataga,* and the energy 
lowering and splitting of the degenerate benzene pi 
MO’s upon nitrogen substitutional perturbation is 
depicted. Nodal sign diagrams*® for the MO’s have been 
provided to aid the discussion of the model. According 
to the naive MO theory, the energies of separation of 
the four nonbonding lone pair MO’s may be given as 
functions of six integrals”: A set of three overlap and a 
set of 3 one-electron resonance integrals that correspond 
with the ortho, meta, and para pairs of nitrogen lone 
pair AO’s (only approximately sp? hybridized). The 
separation energies are given, neglecting overlap, in 
Fig. 4 in which 0, m, and p denote the resonance inte- 
grals. It is assumed that these integrals, ‘coupling 
parameters” that might be evaluated from the vibronic 
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Fic. 4. The pi and nonbonding electron molecular orbital 
symmetries. The splittings of the m MO’s are depicted in terms of 
one electron resonance integrals for the ortho, meta, and para 
nitrogen lone pair electron interactions. 


%® M. Ito, R. Shimada, T. Kuraishi, and W. Mizushima, J. 
Chem. Phys. 26, 1508 (1957); L. Goodman and M. Kasha, J. 
Mol. Spectroscopy 2, 58 (1958); R. C. Hirt, Spectrochim. Acta 
12, 114 (1958). 

31 J. H. Rush and H. Sponer, J. Chem. Phys. 20, 1847 (1952), 
which see for earlier references to pyridine. 

8 As is often done, the nonessential, symmetry undetermined 
nodal planes that pass through the C—N bonds are drawn here 
as bisectors of these bonds; more precisely, however, they should 
be drawn in accordance with the LCAO coefficients which, in the 
case of benzene, require them to be at a 45° angle to the X and 
Y axes. 
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Fic. 5. The symmetries of the lowest singlet electronic states 
of s-tetrazine. The symmetries of those vibrations which make 
allowed the electronically forbidden X- and Y-polarized n—1* 
transitions have been omitted because of the rather minor role 
that these vibrations probably play in the visible absorption 
spectrum. 


analysis of azine n—>7* spectra, are of the order of, 
possibly much less than, a few thousand wave numbers® 
and that o«<m<p<0. 

The resulting singlet electronic configurations of 
lowest energy are depicted in Fig. 5. Since Mataga’s 
calculation** shows the antibonding pi MO of symmetry 
I'(x*) =a, to be about 1.3 ev lower than the b,,2* MO, 
the eight lowest n—2x* single configurations should 
qualitatively lie, as depicted, in two separated groups, 
four configurations per group. This is consistent with a 
qualitative charge density picture based on Coulombic 
energy arguments; namely, that the group correspond- 
ing to m electron excitation to the b;,7* MO should lie 
at higher energy because, relative to the four possible 
n—a,n* configurations, such excitation results in a net 
decrease in charge density on the nitrogen atoms. We 
have ordered the n—2* configurations within each group 
so as to correspond in separation energy to the orbital 
picture in Fig. 4. Rough estimation yields the difference 
in the mean energies of the two groups to be larger than 
the energy between the two most widely separated 
n—n* configurations ('A,, 'Bi,) within either group. 
We assume from our spectral data that the four n—71* 
configurations for which I'(r*) =a, have energies in the 
vicinity of 18 000 cm", but the higher energy of the 
second group is not yet known. 

Now because we wish to discuss absorption transitions 
to excited electronic states, we shall, at this point, neglect 
electronic configuration interaction for the sake of 
simplicity and replace the notion of electronic configura- 
tion in the preceeding discussion by that of electronic 

88 The axis of a lone pair orbital is only uniquely determined in 
those azines which possess a symmetry axis that passes through a 
nitrogen atom. Thus the problem of the tilt of the lone pair 
orbital axis from the axis that bisects the CNN angle in s-tetrazine 
prevents a very good calculation of the lone pair overlap integrals. 
We therefore feel that the semiempirical estimation of lone pair 


molecular orbital energy differences must, at this stage of de- 
velopment, be regarded as only of very qualitative significance. 
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state. Figure 5 will then, out of necessity, be interpreted 
as a zeroth-order representation of the low-lying electronic 
states. We must bear in mind, however, that interaction 
between the two groups of four n—7* configurations 
and, possibly even more important, vibronic interaction 
within either group (more generally, vibronic interac- 
tion among the eight lowest n—x* configurations) may 
seriously alter the ordering of the n—7x* states as de- 
picted in Fig. 5. The r—x* states are much less likely to 
suffer from this complication however. We have there- 
fore actually plotted the s—2* configurations as though 
they were states on the energy scale of Fig. 5 so as to be 
consistent with the SCF LCAO-MO state energy cal- 
culations of Mataga.*4 

While interaction considerations may well lead to a 
reordering of our zeroth order n—n* states, they will not 
prevent us from adopting, for descriptive purposes, a 
reference scheme in which an excited state is labeled by 
the same irreducible representation symbol that repre- 
sents the symmetry of a single configuration. Further- 
more, the D., symmetry species labeling the excited 
states of Fig. 5 may be used for semantic convenience 
even though it is quite likely that many of the electronic 
configurations, especially those of higher energy, may 
more nearly correspond in zeroth approximation to 
excited electronic states which have nuclear configura- 
tion symmetries lower than that of the ground electronic 
state. Until it has been experimentally proven to be more 
meaningful to do otherwise, the symmetry species symbol 
for an electronic wave-function describing an excited 
electronic state of a molecule will be obtained as if the molec- 
ular symmetry of the excited state were the same as that of 
the ground electronic state. Since the molecular symmetry 


of even the lowest excited states of most simple polya- 
tomic molecules has not yet been established, nor 
indeed, of the ground state of tetrazine vapor, adoption 
of this convention seems necessary in order to provide 
a basis for defining the allowedness of a heretofore 
unanalyzed electronic transition. 


4.2 Selection Rules 


Adopting the preceding terminology, we can then 
derive from Herzberg-Sponer-Teller theory** the follow- 
ing selection rules for s-tetrazine. Electronic transitions 
allowed by molecular symmetry and arising from the 
ground electronic state may only take place to excited 
states of ungerade B symmetry. All other electronic 
transitions arising from the ground state will be elec- 
tronically unallowed by molecular symmetry; i.e., the 
integrand of the electronic transition moment integral 
will not be totally symmetric at the equilibrium config- 
uration. Note that under alteration of the molecular 
symmetry of a particular excited electronic state, an 
allowed transition remains allowed and an unallowed 

*G. Herzberg and E. Teller, Z. Physik. Chem. B21, 410 


(1933); H. Sponer and E. Teller, Revs. Modern Phys. 13, 75-170 
1941 
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transition may or may not become electronically 
allowed. 

It can thus be derived that the four lowest m—2* 
singlet transitions of s-tetrazine will be allowed. Exclud- 
ing from any future consideration the presumably high- 
energy bo,21—b3,7* allowed transition, there should also 
be at least one (not more than two) low-lying Z- 
polarized electronically allowed n—2* singlet  transi- 
tion(s). It is possible that the absorption band systems 
for these allowed n—n* transitions would also contain 
unallowed X- and Y-polarized components due to 
appropriate nuclear-coordinate dependence and to the 
“' Bo, and 'B;, character” of the excited state. They 
would be expected to be only of minor importance in 
the visible spectrum of s-tetrazine, however, because 
there are no allowed X- or Y-polarized transitions 
sufficiently nearby for intensity borrowing to become 
highly significant; X- and Y-polarized n—x* transitions 
are electronically forbidden. There should also be at 
least three (not more than six) low-lying Z-polarized 
electronically unallowed n—x* singlet transitions that 
could appear in the visible absorption spectrum. They 
may achieve intensity not only by the usual mecha- 
nism—sufficient dependence of the excited-state elec- 
tronic wavefunction on a vibrational coordinate of 
appropriate symmetry; their appearance may also be 
considerably strengthened by a mixing in of the very 
nearby n—7* 'B,, state, at the expense of the intensity 
of the allowed n—n* transition. Finally, any Y and Y 
components of unallowed Z-polarized n—n* transitions 
in the visible region would again be expected to be weak 
for the same reason mentioned above. (We should point 
out, however, that especially for the case of the group 
of four n—>b,,2* transitions, X- and Y-polarized n—>71* 
transitions may be relatively quite strong should they 
lie sufficiently close to one of the r—>x* transitions.) 

The column of Fig. 5 labeled Ty gives the symmetry 
species of those vibrations which may be observed, 
according to the vibronic selection rules,** as O41 or 
10 transitions in a Z-polarized n—2x* absorption band 
system. The number of normal modes of s-tetrazine 
which possess these vibrational symmetries is given in 
the adjoining column labelled n,’. 

The framework of the preliminary model having thus 
been completed, we shall review the rather stringent 
assumptions on which it is based. In order to theoreti- 
cally interpret the major vibronic bands in the visible 
absorption spectrum of s-tetrazine vapor, it is assumed 
that: (1) MO theory may be used profitably, as has 
been done by previous workers, to predict the symme- 
tries and to roughly estimate the ordering of excited 
states; (2) magnetic dipole, electric quadrupole, and 
singlet-triplet transitions will be unimportant; (3) 
electronic-rotational interaction may be neglected; (4) 
vibrationally induced X- or Y-polarized transitions will 
only be of minor importance; (5) no unusual electronic- 
vibrational interaction stronger than that needed for 
the observation of Z-polarized 1,0 vibronic bands 
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need be considered, where 1, represents the excitation 
of an appropriate vibrational mode in the excited elec- 
tronic states 'Bo,, 1B3,, and 'Ay; (6) the molecular 
symmetry of any excited states represented in the 
visible spectrum remains unchanged from that of the 
ground electronic state; (7) only the four states result- 
ing from the n—a,* transitions are present, the four 
n—b,,m* transitions lying at much higher energy; and 
finally, certainly the weakest assumption by far, (8) 
these four n—a,7* states will rank in energy in the order 
depicted in the lower-right portion of Fig. 5. 

These assumptions may then be relaxed when experi- 
mental evidence dictates the necessity. Fairly sound 
theoretical arguments may be used to debate the 
validity of the first four assumptions, but present theory 
is not sufficiently powerful to soundly judge the last 
three. It would certainly not be surprising if these latter 
three assumptions all proved to be invalid. The analysis 
of assumption 5 poses difficult theoretical questions. 
We believe at present that the key to understanding 
the vibronic details of the n—x* spectra of molecules 
which have two or more symmetrically equivalent lone 
electron pairs may lie in a much fuller understanding of 
these theoretical questions than has anywhere been 
attempted. 


5. QUALITATIVE DISCUSSION OF THE SPECTRAL DATA 
IN TERMS OF THE SIMPLE ELECTRONIC MODEL 


Probably the most obvious consequence of examining 
the high-resolution spectral data with the model is the 
following. If the n—x* singlet state of lowest energy 
does have electronic symmetry 'By,, as in Fig. 5, then 
its allowed OO transition should appear at that wave- 
length such that all vibronic bands observed at longer 
wavelengths are hot. This reasoning thus demands that 
we assign the moderately intense band observed at 
18053 cm™ as this 0—O transition. It then becomes 
difficult, however, to explain successfully the nearby, 
more intense bands at 18 134 and 18 283 cm in terms 
of either allowed or unallowed transitions. Relaxation 
of either assumptions 6 or 8 removes this difficulty but 
does not result in a unique set of vibronic assignments. 
Without relaxing assumption 6, the bands that most 
likely represent an allowed 00 transition seem to be 
the two intense bands at 18 134 and 18 919 cm™. (They 
might both represent allowed 00 transitions if assump- 
tion 7 were completely relaxed; i.e., if the separation 
energies among the four states of both the n—a,2* and 
n—b,,n* groups were sufficiently small, all eight n—7* 
transitions could conceivably appear in the visible spec- 
trum. Without a detailed study of its many spectral 
implications, this line of pursuit looks at first quite 
attractive. ) 

Using many kinds of band-frequency difference tables 
and estimates for those ground-state vibrational fre- 
quencies not presently available, it has been possible to 
explore the logical consequences of these and many 
other initial starting points for vibronic analysis in 
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terms of the model. In so doing, we have found that 
several partial but plausible sets of vibronic assignments 
can be made without relaxing the first five assumptions 
made above, each of them involving one or more un- 
allowed transitions. It is because of these conflicting 
ambiguities, therefore, that no set of vibronic assign- 
ments warrants mentioning at this time. Although 
further discussion of assignments is thus relegated to 
an appendix, the following tentative but important 
result of our analytical work with vibronic term schemes 
should here be reported. J¢ does not appear that all of the 
major features of Fig. 3 are explainable in terms of only 
two or as many as eight excited electronic states. If this 
strictly empirical result holds true in the final analysis, 
it will be in accord with our present semitheoretically 
derived belief that present n—7* theory would need 
serious revision were electronically unallowed n—7* 
transitions present only to a negligible degree in the 
n—n* absorption spectra of those azines containing 
more than one nitrogen atom. Thus if assumption 7 is 
retained, there will therefore be four electronic transi- 
tions in the visible region. Their relative forbiddeness 
will depend on the validity of assumption 6 and/or 
assumption 5. 

Our goal in the vibronic analysis, therefore, is not only 
to explain the observed absorption bands by vibronic 
assignment. It is to determine as well the degree to 
which each of the three unallowed n—x* singlet transi- 
tions contributes to the major features of the spectrum. 
The location of the 0—0O energy for each of these three 
unallowed transitions requires identification of both 
O—1, and 1,0 bands as well as knowledge of the 
ground electronic state frequency of the corresponding 
nontotally symmetric vibration. (If assumption 6 is 
valid, then the 0—O bands of these three unallowed 
transitions may be unidentifiably weak; the above 
requirement is thus necessary for locating the 0—0O 
position and identifying the symmetry of the excited 
state to which it corresponds. If the excited-state molec- 
ular symmetry is lower than Dz, it cannot be higher, 
the O—O band of an unallowed transition could con- 
ceivably be moderately strong; but the above require- 
ment would still be necessary for the symmetry classifi- 
cation of the transition.) We believe that the most im- 
portant consequence of determining the four 0<—0 posi- 
tions will be the utilization of their separation energies 
in the semiempirical derivation of some useful ortho, 
meta, and para lone-pair electron coupling parameters. 
By comparing these parameters with the corresponding, 
similar parameters derivable from the vibronic analysis 
of other azine n—7* spectra, it may be possible through 
a consideration of the slightly different azine geometries 
to develop an n—nx* theory of power similar to that 
which we now enjoy for r—7* transitions.* 

Let us now turn to discussion of vibronic band pro- 
gression length. The following questions thus arise. Is 


* For example, R. Pariser and R. G. Parr, J. Chem. Phys. 21, 
466 (1953); 21, 767 (1953), and references therein. 
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a progression such as F of Fig. 3 to be regarded as a 
relatively long one, and, if so, is it clear that it neces- 
sarily indicates more than a very small change in the 
molecular geometry of the excited state? A negative 
answer is inferred by accepting the conclusions of some 
preliminary rovibronic analysis studies**—that there is 
a surprisingly small change in the moments of inertia 
upon passing from the ground to the excited n—7* 
state. This experimental conclusion receives at least 
some support by the fact that the main vibronic pro- 
gression (band difference) frequency drops by only 5% 
in passing from the ground to the excited n—n* state(s). 
This ground state frequency of 737 cm™ is thought to 
represent’. the totally symmetric vibrational mode in 
which the nitrogen atoms move away from the center of 
the ring as the carbon and hydrogen atoms move, in 
phase, towards the ring center. This mode corresponds 
to the €, mode 6a of benzene,” the principal mode 
responsible for the observation of the electronically 
forbidden 'B», transition near 2600 A. In benzene,this 
mode drops from 606 cm in the ground state to 520 
cm in the excited state, a decrease of 14%. For s- 
tetrazine, it appears that this mode drops by only about 
30 to 40 cm™ for all of the n—7* states represented in 
the visible spectrum. This may be taken as an indication 
that the vibrational force constants of the excited 
state(s), at least for mode 6a, are not radically different 
from those of the ground state. 

Further support of this is indicated by the fact that 
the most intense members of the nonhot part of each 
major progression are the first or second bands of lowest 
energy. However, the fact that the band intensities do 
not drop off sharply within a progression indicates that a 
certain degree of expansion takes place in the mode 6a 
normal coordinate upon u—x* excitation. There is 
internal consistency, therefore, among the above excited 
state geometry arguments if we assume that the rovi- 
bronic analysis studies were not sufficiently sensitive to 
detect the small changes in molecular geometry that 
appear to occur. Now if electronic and vibrational 
motion are separable,** the concepts of progression 
length and relative band intensity are related to the 
degree of overlap between the upper- and lower-state 
vibrational eigenfunctions that characterize the indi- 
vidual bands of a progression. The Franck-Condon 
principle, which is well understood at least for the very 
simple polyatomic molecules, may then be used in the 
customary way to draw conclusions about excited-state 
molecular geometry. We have done this in the preceed- 


% Although the symmetric rotor analyses of Mason and Innes 
(references 12 and 22) indicate that the A and B moments suffer 
little change in passing to an azine excited n—nx* state, there is 
still the possibility that the bond distances and angles may co- 
incidentally change more than might at first be indicated by the 
rather surprisingly small changes in A+B. The exact degree and 
absolute direction of the A and B moment changes must come 
from further data analysed by asymmetric rotor theory. 

E. B. Wilson, Phys. Rev. 45, 706 (1934). 
38 M. Born and K. Huang, Dynamical Theory of Crystal Lattices 
Oxford University Press, New York, 1954), pp. 166, 402, and 406. 
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ing discussion. But just how separable are the electronic 
and vibrational motions of s-tetrazine in the quantized 
excited state(s) represented in its visible absorption 
spectrum? It is certainly reasonable that a refined con- 
figuration interaction calculation might yield several 
n—rn* singlet states with energy differences not greater 
than the energy of an azine ring vibration. Because of 
the resulting possibility of strong vibronic mixing of 
excited electronic states, it might then be difficult to 
give a successful interpretation of azine n—2* spectra 
(excluding pyridine) in terms of the usual independent 
excited electronic states treatment. Although useful for 
reference, much of our preliminary model would then 
be invalid (recall assumption 5) as an aid to successful 
vibronic analysis. Further, if strong vibronic mixing is 
present, it is not yet clear that the above progression 
band intensity arguments would be soundly based. It 
is possible, therefore, that even the major vibronic 
structure of Fig. 3 may not be explainable without a 
more elaborate model; studies aimed at the develop- 
ment of such a model, ones that may serve to aid the 
vibronic analysis of the high-resolution spectra of the 
other azines as well, have been initiated by one of us 
(GHS) in collaboration with Dr. Martin Gouterman 
of Harvard University. 

Before concluding our present discussion, the present 
status of our understanding of the s-tetrazine m—7* 
transitions should be mentioned. The semiempirical 
calculations of Mataga** and Paoloni*® predict that the 
lowest singlet m—7* transition, 'B3,<—'A, (or 1L,A 
in Platt notation®), is X polarized and in the vicinity 
of 4.9 ev. Although the polarization has not yet been 
checked, it is very likely that at least a major portion 
of the absorption (see Fig. 2) around 247 muy corre- 
sponds to this transition. There are several interesting 
implications if the absorption between 230 and 280 mu 
is almost completely due to a single excited electronic 
state. 

First of all, the rather symmetrical absorption contour 
may indicate that the lowest r—2* excited-state molec- 
ular geometry differs markedly from that of the ground 
state, especially if the 00 transition occurs at a longer 
wavelength than say 265 mu. Secondly, while the den- 
sity of observable vibronic transitions per wavenumber 
may be considerably greater in the 230 to 270 my region 
than that of benzene, the almost complete lack of any 
vibronic band structure in the gas-phase Cary spectrum 
may indicate that the more intense vibronic transitions 
lead to dissociation. This implication is not inconsistent 


3% The Platt notation, J. R. Platt, J. Opt. Soc. Am. 43, 252 
(1953), is most useful in discussing n—2x* transitions in general; 
however, since the s-tetrazine n—nx* transitions are all ‘W4, 
allowed at least by local symmetry (because of the partial 2s 
character of the m orbital) if not by molecular symmetry, we 
shall use only the more informative group theoretical designation 
of the n—7* states even though in most cases the molecular 
symmetry of the excited state has not been experimentally con- 
firmed. Of course for those azines in which a symmetry axis 
passes through a nitrogen atom, the locally unallowed n—7x* 
transitions, 1/14, are also possible. 
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with the observed photounstability of s-tetrazine. The 
photodecomposition rate is not rapid under ordinary 
lighting where there is little ultraviolet radiation pre- 
sent. Finally, if the dissociation interpretation of this 
absorption region is correct, it implies that the theoret- 
ical calculations**.*> for the lowest s—>2* transition yield 
an energy that may be too high by 0.4 ev or more. 

Mataga and Paoloni predict that the second-lowest 
n—rn™* singlet transition should be Y polarized, 'Bo,<—'A, 
(1L,'A), and occur at about 6.8 and 5.9 ev (183 and 
210 my), respectively. Our low-resolution data thus lend 
some support to Paoloni’s calculation. Until more is 
known about the location of all of the n—zx* transitions, 
however, this support as well as our dissociation inter- 
pretation can only be tentative; the n—d,,0* group 
might well lie in the 210 or 260 my regions. 


6. CONCLUSION 


The new spectral data presented here have been dis- 
cussed in terms of a preliminary model for the absorp- 
tion. The difficulties encountered in attempting to 
achieve a unique vibronic analysis of the existing visible 
absorption data are more likely a reflection of the lack 
of auxiliary empirical data than an over-all inability of 
the preliminary model to serve as a guide. However, it 
has been pointed out that several aspects of the model 
may be unsound. Aside from those which have long been 
obvious in the theoretical treatment of the excited states 
of aromatic molecules, the most interesting (and so far 
neglected) of these aspects may be the degree of vibronic 
mixing of adjacent n—n* states. Positive evidence of 
the importance of molecular symmetry-forbidden n—7* 
transitions will probably only come from a rather com- 
plete vibronic analysis. There is real need at the theoret- 
ical level, however, of a deeper examination of the Born- 
Oppenheimer approximation and Franck-Condon prin- 
ciple for the case of almost accidentally degenerate 
electronic states. 

In concluding the present discussion we wish to 
express our hope that the data and arguments given 
here will stimulate the interest of other investigators in 
the detailed nature of n—n* transitions and in the im- 
portant role that the lone-pair electrons play in the 
chemistry of the azines. Looking back over the historical 
development of electronic spectroscopy, it seems likely 
that a satisfactory understanding of the energetics of 
these and the pi electrons will be reached only after 
contributions have been made in many laboratories. 
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APPENDIX 


For the benefit of future investigators, we wish to 
record a particularly interesting and simple example of 
certain types of problems encountered in the logic of 
vibronic analysis. Ambiguity in a vibronic analysis is 
profitably illustrated by considering the following argu- 
ments for and against one of the most attractive and 
simplest possible analyses proposable; namely, the 
vibronic term scheme represented by 


oit (cm) = 18134-70009 +1490y! — 73704" — 23205”, 


where v and % are vibrational quantum numbers for 
the two different normal modes @ and b. The single and 
double primes refer, respectively, to the excited and 
ground states of an allowed electronic transition. This 
empirically determined scheme rather successfully 
accounts for many of the major spectral features of the 
s-tetrazine visible absorption spectrum; namely the 
progressions A, C, E, F, G, and J of Fig: 3 and Table 
II. It can explain these progressions in terms of a single, 
electronically-allowed 'B,, n—7* transition, having a 
QO —O band at 18 134 cm. Further, some of the other 
major spectral features (i.e., progressions B, D, K, and 
L) may be rationalized, with varying degrees of plausi- 
bility, within this framework without invoking the 
presence of electronically unallowed transitions. (It 
would, however, not be necessary to explain these other 
spectral features in terms of the allowed transition; the 
validity of the proposed term scheme is independent of 
them.) 

Successful as this basis for analysis may appear, how- 
ever, we can not yet accept it with confidence because 
of the following three arguments against it, none of 
which can easily be dismissed at the present stage of 
experimental and theoretical work on azine n—7* 
spectra. 

(i) The proposed analysis assigns all of the members 
of progression G as being hot bands; in particular, the 
moderately intense band at 18 053 cm™ is assigned as 
the 1,1,” transition. Because, near room tempera- 
ture, this transition arises from a moderately well- 
populated ground state (232 cm™'), the percentage 
change in absorption intensity with temperature would 
not be as pronounced as that of a band arising from a 
ground electronic state that is vibrationally excited by 
737 cm~. Although our relative intensity studies were 
not well designed for resolving small changes in absorp- 
tion intensity with temperature, we believe, neverthe- 
less, that they were at least on the threshold of being 
able to tell whether or not there was a positive or nega- 
tive variation of the 18053 cm™ band intensity with 
temperature. To the best of our present experimental 
knowledge, the intensity of this band varies with tem- 
perature in the same way as do the bands at 18 134 and 
18 283 cm™. Thus it does not appear that the 18 053 
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cm band is hot. If this experimental conclusion is 
correct, then, independent of the nature of the excited 
state molecular symmetry, it automatically negates the 
proposed analysis. Settlement of this point awaits a 
more careful study of temperature dependence. 

(ii) The proposed analysis implies the existence of a 
232 cm™ ground state vibration that drops by 36% to 
149 cm™ in the excited state. From examination of the 
normal frequencies of benzene and the other azines, it 
seems this 232 cm~' mode would correspond to an out- 
of-plane vibration of symmetry 61,, au, or possibly Bsp. 
However, only a, vibrations may appear as 01 or 
1<-0 transitions in an electronically-allowed band sys- 
tem. Furthermore, it is highly unreasonable to expect a 
149 cm“ totally symmetric vibration to occur in an 
excited m—>7* state unless the excited state molecular 
symmetry were much lower than Dz,. In order to explain 
progressions C and E by the proposed analysis without 
relaxing the assumption of Ds, excited-state symmetry, 
it would be necessary that they be assigned as Y- 
polarized transitions involving only the lowest vibra- 
tion of 83, symmetry (the symmetry of the integrand 
of the electronic part of the transition moment integral) ; 
they cannot be assigned as X-polarized transitions 
because there are no 62, vibrations in s-tetrazine. From 
our vibrational studies, however, it appears that, of the 
three out-of-plane vibration symmetries mentioned 
above, a 83, vibration is the most unlikely prospect for 
the 232 cm mode. Further, a Y-polarization assign- 
ment seems unlikely because of the relatively large 
intensity of progressions C and E. Under such an 
assignment, these progressions would be forbidden at 
equilibrium configuration. They could only appear in 
the absorption spectrum through considerable Bs, 
vibrational coordinate dependence of the electronic 
state wavefunctions and through Bp», character of the 
electronic excited state. Since the nearest Bo, electronic 
state (r—2* transition) probably lies at least 29 000 
cm higher**:> than the lowest n—2* transition (at 
say 18 000 cm™), it does not seem likely that progres- 
sions C and E could achieve much intensity by borrow- 
ing from allowed Y-polarized transitions. 
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(iii) The third argument against the proposed analy- 
sis arises from our search for other interpretations that 
may be given to the many 232+3, 149+3, 8343 cm 
vibronic band difference frequencies present in the 
visible spectrum. The 81-cm™ separation of the first 
members of the nonhot part of progressions F and G is, 
according to the model, the difference between the 
ground and excited state frequency of some normal 
vibration. The 18053 and 17970 bands are to be 
interpreted, respectively, as the electronically allowed 
transitions 1,’1,’’ (progression G) and 
(progression J). However, the progression difference 
frequencies within each of the G and K progressions are 
almost identical and uniformly 6 to 10 wavenumber 
greater than the corresponding progression difference 
frequencies within progression F. Thus while the 
excited state mode 6a seems to have about the same 
anharmonicity for all three progressions, explanation of 
why its overtone spacing is different in F from that of 
G and K would require rather penetrating theoretical 
argument. This cause for doubting the proposed analy- 
sis may not, however, be as strong as the following 
reason. Notice that the first major appearance of the 
intense progression D occurs at 18919 cm~, 82 cm7 
higher than the second member of the nonhot part of 
progression F. It does not seem likely that these two 
bands, representing the two most intense progressions 
in the spectrum, are only coincidentally related by a 
wavenumber number difference that figures so promi- 
nently throughout the entire spectrum. Yet interpreta- 


/ tt 
25 —2; 


tion of this 82 cm™ difference within the framework of 
the proposed analysis has not yet been found. 

It seems improbable that all three of the above 
arguments (the first based on experiment, the second 
on theory, and the third on plausibility) can be invalid. 
At this stage it is therefore wise to turn to other possible 
explanations for the 149 and 83 cm™ spacings. At 
present, we believe they may represent a manifestation 
of the eigenvalue differences that arise from an “‘elec- 
mixed vibronic-state This is 


tronically problem.” 


another story, however. 
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To aid in the vibronic analysis of the n—x* visible absorption band systems of s-tetrazine vapor, infrared 
spectra of vapor, solution, and cold, solid film phases of natural and deuterated mixtures of s-tetrazine have 
been obtained. By use of the product rule and by correlation of the fundamental modes of s-tetrazine with 
those of benzene and the other azines, it is possible to make tentative vibrational assignments for all seven 
of the fundamental bands that would be expected to be infrared active in the wavelength region from 2 to 
15 uw. However, the low-frequency modes 16a and 16b, A, and B;,, respectively, have not yet been observed, 
and the lack of knowledge of the frequencies of eight of the nine gerade modes (Raman active only) has 
prevented any definite assignment of combination bands. The observation of an interesting and peculiar 
phenomenon—what is believed to be the totally symmetrical mode 6a near 730 cm™ in the solid film spectra 


of the various deuterated mixtures 


is also reported. 





1. INTRODUCTION 


HIS paper is the second of a series that is concerned 

both experimentally and theoretically with the 
molecular and electron dynamics of s-tetrazine. Elec- 
tronic absorption spectra of s-tetrazine vapor and a 
general introduction to the nature of the problems of 
interest were given in the previous paper,' hereafter 
denoted as I. The experimental investigations reported 
in the present paper IL were motivated by the desira- 
bility of knowing as many of the ground electronic state, 
fundamental vibrational frequencies of s-tetrazine as 
possible, before attempting to perform a complete 
vibronic analysis of its n—7* visible absorption band 
systems. 

Bertinotti, Giacomello, and Liquori? have reported 
that there are two centrosymmetric molecules per unit 
cell in the s-tetrazine crystal and that the space group 
is P2;/c (International Standard No. 14). From the 
tables given by Halford,’ one finds that this space 
group (Schoenflies symbol C2,°) contains four distinct 
sets of sites having point symmetry C; with two equiva- 
lent sites per set: 4C (2). Thus the vibrational selection 
rules for the s-tetrazine crystal are the same as for the 
benzene crystal; the unit cell of the latter,*® which is 
similar to that of s-tetrazine, is described by V,”: 
2C,(4). Mutual exclusion will be operative: all of the 
ungerade modes (including translations and binary 
combination bands but no first overtones) ,will be 


* This work was supported in part by the Air Force Office of 
Scientific Research, Air Research and Development Command. 
It represents part of the Ph.D. thesis research of GHS and was 
reported in part at the Ohio State Molecular Structure and 
Spectroscopy Symposium, June, 1959. 

+ National Science Foundation Postdoctoral Research Fellow 
(1958-59) at Harvard University. Present address: Department 
of Chemistry, Stanford University, Stanford, California. 

1G. H. Spencer, Jr., P. C. Cross, and K. B. Wiberg, J. Chem. 
Phys. 35, 1925 (1961). 

2 Reference 1 of Part I (see for an illustration of the unit cell). 

5K. S, Halford, J. Chem. Phys. 14, 8 (1946). 

4R. S. Halford and O. A. Schaeffer, J. Chem. Phys. 14, 141 

1946). 

5 R. D. Mair and D. F. Hornig, J. Chem. Phys. 17, 1236 (1949). 


infrared active for the case of a pure s-tetrazine-do 
or a pure s-tetrazine-d2 crystal, but no gerade funda- 
mentals will be infrared active. 

The selection rules for the absorption of infrared radi- 
ation by either of these molecules in the vapor phase 
(assuming a molecular symmetry of D2,), allow only the 
eight normal vibrations that are of ungerade B sym- 
metry to be active as fundamental bands, and again 
there will be mutual exclusion. The Ds, symmetry 
species of the 18 normal vibrations of s-tetrazine are 
given in Fig. 1. The symmetry displacement coordinate 
diagrams given in this figure are labelled with the 
notation that is used for the benzene molecule,®~* from 
which the diazine vibration notation has been derived.’ 
It must be remembered that, in general, these diagrams 
do not represent actual normal vibrational motion; they 
have been drawn merely to aid the understanding of 
possible vibrational frequency assignments of the in- 
frared spectral data. 

As was mentioned in I, the frequency of only one 
gerade vibration has so far been reported; experi- 
mentally determined from the s-tetrazine n—7* spec- 
tra, this frequency, 737 and 720 cm” for s-tetrazine-do 
and s-tetrazine-d2, respectively, is thought to belong 
to the totally symmetrical mode 6a of the ground 
electronic state. However it is possible that the infrared 
spectra of s-tetrazine-d,; (molecular symmetry C»,) 
could provide valuable information regarding the gerade 
modes of the two D2, molecules. Theoretically, only the 
single out-of-plane A» vibrational mode in s-tetrazine-d; 
vapor is infrared inactive, and all 18 modes would 
probably be active in the pure solid phase. Unfor- 
tunately, however, we would not expect those infrared 
active modes of s-tetrazine-d,; which correlate with the 
gerade modes of the two Dy, molecules to absorb very 

°F. B. Wilson, Phys. Rev. 45, 706 (1934). 
oa K. Ingold et al., J. Chem. Soc. (London) 1936, 912; 1946, 
“8B, A. Miller, J. Chem. Phys. 24, 996 (1956). 


®R. C. Lord, A. L. Marston, and F. A. Miller, Spectrochim. 
Acta 9, 113 (1957). 
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All gerade vibrations are Raman active. 
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strongly. Further, we have not been able to produce 
even approximately pure s-tetrazine-d;. Nevertheless, 
we have been able to extract some useful data from the 
cold film spectra of various mixtures of s-tetrazine-do, 


-d,, and -do. 
Il. EXPERIMENTAL 


Infrared absorption spectra of s-tetrazine were taken 
between 2 and 15 won a Perkin-Elmer model 21 spectro- 
photometer with a sodium chloride prism. Some of these 
spectra are shown in Figs. 2(a) and 2(b), and although 
no attempt was made to do more than a merely qualita- 
tive study of the relative intensity of the absorption 
bands, the absorption frequencies were measured with 
care. Frequencies of the known rotational structure 
peaks of water, carbon dioxide, and ammonia, and those 
of the polystyrene film spectrum were used for calibra- 
tion. Absorption peaks lying at less than 1600 cm™ 
in all of the s-tetrazine spectra taken, could be measured 
quite reproducibly to within two wavenumbers, and 
a table of the uncertainties in the measurement of 
absolute frequencies of absorption peaks for various 
wavenumber regions is given at the right in spectrum 
A of Fig. 2(a). The eight spectra presented here are 
direct tracings from the laboratory data, and they are all 
drawn on the same linear transmission scale; no attempt 
has been made to subtract out baseline effects due to 
noise of general unbalancing of the two light beams. The 
slight presence of water and carbon dioxide can be 
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Symmetry displacement coordinate diagrams and fundamental frequency estimates for the vibrational modes of s-tetrazine. 


detected in some of the spectra, but for our purposes 
this has not caused any difficulty. All external windows 
used in our work were made of potassium bromide. For 
a particular deuterated mixture, the relative percentages 
s-tetrazine-dy, -d;, and -d. were 
spectrometrically. 

The infrared spectrum of natural s-tetrazine vapor, 
B, of Fig. 2(a), is one of the intermediate spectra taken 
in a study of the time dependence of the band intensi- 
ties. Crystals of s-tetrazine were placed in an ordinary 
10-cm gas absorption cell that had been wrapped with 
insulating tape and nichrome ribbon, and the vapor 
spectrum rerun continuously as the cell temperature 
was electrically increased. We attribute the 712 cm“! 
band that increases with time to be due to the very 
strong bending mode of hydrogen cyanide. The two 
other bands whose intensity increased with time, at 
1758 and 2930 cm™, must also be due to absorption by 
decomposition products, but their nature has not yet 
been identified. The spectra C and D of Fig. 2(a) are 
of an approximately saturated solution of natural 
s-tetrazine and of a mixture of the deuterated s-tetra- 
zines, respectively, in carbon tetrachloride (about 0.1 
g/ml of solvent). Attempts, using conventional pellet 
production techniques, to produce alkali halide-s- 
tetrazine pellets suitable for taking infrared spectra 
were unsuccessful; upon grinding, the red crystals of 
s-tetrazine increase in waxiness. 

The infrared spectra of cold, solid films of natural 
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Fic. 2(a). Infrared spectra for three different phases of s-tetrazine; (b) cold, solid film infrared spectra of four different mixtures of 
deuterated s-tetrazine. 
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and of various deuterated mixtures of s-tetrazine are 
shown in A of Fig. 2(a) and in Fig. 2(b), respectively. 
The cold cell design used in obtaining these spectra was 
based on that of Wagner,'® and for each of these five 
spectra the refrigerant used to cool the brass sample 
block was liquid nitrogen. The rapid deposition tech- 
nique for forming the solid film was used: s-tetrazine 
was deposited at its room temperature vapor pressure 
(roughly 0.5 mm of Hg) on the cold sodium chloride 
window of the sample block. After a 10-min deposition 
time, a solid film of natural s-tetrazine was of a thick- 
ness such that its optical transmission at 890 cm™ 
was about 10%. A vacuum of better than 10-* mm of 
Hg was maintained in the cold cell throughout the 
recording of the solid film spectra. Although an internal 
thermocouple was not used, we estimate that the film 
temperature may not have been much less than — 130°C. 
This estimate is based on a comparison of a solid ben- 
zene spectrum obtained with our cold cell with the 
benzene crystal spectra of Mair and Hornig.’ When 
a dry ice-acetone mixture is used as a refrigerant, the 
absorption bands of the cold film spectrum of s-tetra- 
zine are slightly broader, and their peaks are displaced 
by one to three wavenumbers towards lower energy. 

An attempt to find the frequency of the out-of-plane 
By ring bending mode 16d of s-tetrazine was unsuccess- 
ful. Using a single-beam spectrometer (Perkin-Elmer 
Universal Monochromator model 83), a cesium bromide 
prism, and a 10-cm gas absorption hot cell with potas- 
sium iodide windows, we measured the spectrum of hot 
s-tetrazine vapor between 700 and 300 cm™. No absorp- 
tion due to s-tetrazine was observed in this region.” 
Unless the intensity of the low-lying B,, fundamental 
is far weaker than it would be expected to be, we con- 
clude that this band lies below 300 cm™. 

In collaboration with Professor E. L. Wagner, one of 
us (GHS) tried to obtain the Raman spectrum of 
moderately concentrated solutions of s-tetrazine in 
water and in carbon tetrachloride, using the 4047 A 
mercury emission line for excitation. None of the s- 
tetrazine gerade frequencies were obtained, the usual 
difficulties in obtaining the Raman spectra of colored 
compounds prevailing. 


III. DISCUSSION 


In attempting to provide vibrational assignments for 
the absorption peaks of the s-tetrazine infrared spectra, 
we have taken into consideration the existing assign- 
ments, frequencies, and relative intensities of the in- 
frared peaks and Raman lines that have been reported 


0 EF. L. Wagner, Ph.D. thesis, Brown University, Providence, 
Rhode Island (1948); E. L. Wagner and D. F. Hornig, J. Chem. 
Phys. 18, 296 (1950). 

Their accurate work on the infrared spectrum of a carefully 
prepared crystal of benzene well shows certain band intensity 
and narrowing effects which are temperature dependent. 

2 An experiment to determine the frequencies of the two low- 
energy modes, 16a and 16b, from solid film studies is now in 
progress. 
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Taste I. Assignment of some of the peak frequencies (in cm™) 
of the cold film spectra to s-tetrazine-do, -di, and -d2. 
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for benzene,** pyridine," the diazines,®" s-trizaine,® 
and some of their deuterated derivatives. In particular, 
examination of the spectral data for pyrazine (which 
has the same symmetry as s-tetrazine-do and -d2), 
pyridazine (the only other available azine, besides 
s-tetrazine, that has ortho lone pair interaction), and 
p-benzene-d, and benzene-d, has been quite valuable. 
The tentative vibrational assignments that we propose 
for s-tetrazine are given in Fig. 1. The gerade fre- 
quencies that are given there are estimates based on 
considerations of the above mentioned data. Since the 
frequency of the single A, mode is not likely to be above 
670 cm™, we can exclude it in considering which bands 
of the 2 to 15 uw solid film spectra are due to ungerade 
fundamentals; we estimate that it should give only a 
mildly intense band at about 450 cm™, and it should 
show no deuterium isotope shift. The B,, mode 165 
should give a very strong band, probably lie below 300 
cm! as mentioned earlier, and show a large deuter- 
ium isotope shift. The other B;, mode and the Boy 
and B;, modes of s-tetrazine have been related to 
absorption peak frequencies, partially by considering 
the spectral data for benzene and the other azines, 
but mainly by use of the Teller-Redlich product rule. 
These assignments deserve further discussion. 

We shall assume that the frequencies of solid film 
peaks given in Table I are placed correctly according 


to the molecule that they properly represent. (‘This 


8L. Corrsin, B. J. Fax, and R. C. Lord, J. Chem. Phys. 21, 
1170 (1953). 

4F, A. Andersen, B. Bak, S. Brodersen, and J. Rastrup- 
Andersen, J. Chem. Phys. 23, 1047 (1955). 

1M. Ito, R. Shimada, T. Kuraishi, and W. Mizushima, J. 
Chem. Phys. 25, 597 (1956). 

16 J. E. Lancaster and N. B. Colthup, J. Chem. Phys. 22, 1149 
(1954); R. F. Stamm and J. E. Lancaster, ibid. 22, 1280 (1954). 
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may not prove to be such a good assumption for some 
of the values listed in the s-tetrazine-d, column, but it is 
quite reasonable for the frequencies of the two Dy, 
molecules.) The s-tetrazine-do frequencies showing the 
largest shift upon passing to s-tetrazine-d, are then at 
about 3070, 1448, and 1106 cm. We can immediately 
assign the 3070 cm™ peak to the out-of-phase carbon- 
hydrogen stretching vibration (very little nitrogen atom 
motion) of symmetry species By,. Now the product 
rule for the ungerade B modes simply states that 


UT] (ve/re") = [nM (do) /upM (d2) }, 
k 


where wy and up are the reciprocal masses of hydrogen 
and deuterium, M(d)) and M(d2) are the molecular 
weights of s-tetrazine-dy and -d2, and »;, and »;’ are the 
frequencies of s-tetrazine-dy and -d2, respectively, for 
normal mode & that is symmetry classified in the irredu- 
cible representation I of D,,. This product has a 
theoretical value of 1.397. We would predict that the 
high-frequency B,, mode would be seen as the funda- 
.mental band of lowest frequency in our spectra. We thus 
assign the 890 cm™ peak to this out-of-plane, out-of- 
phase carbon-hydrogen motion; but since this implies 
that the B,, mode 16 frequency should show an 
extremely large deuterium isotope shift, we are a bit 
skeptical of this assignment. However, the remaining 
assignments easily follow from the product rule; be- 
cause the agreement is at least as good as could be 
expected, we do not believe that a better set of assign- 
ments can be made on the basis of the available spectral 
data. 

Because there, are 81 possible ungerade binary 
combination bands (not including rotational and trans- 
lational modes) that can theoretically appear in the 
solid film spectrum of the natural s-tetrazine perfect 
crystal, it is difficult to attempt to gain information 
about the gerade frequencies from them. No binary 
combinations involving mode 6a can be found, and 
undoubtedly most of the unexplained structure in spec- 
tra E through H is due in some way to the monodeu- 
terotetrazine. It is interesting to note that there do not 
seem to be any intensely absorbing vibrations of this 
Cz, molecule that correlate with the gerade frequencies 
of the two Ds, molecules. 

The peculiar absorptions at 737 and 720 cm“ of 
spectra E through H signify that an especially interest- 
ing phenomenon is being observed. Since these are the 
frequencies of the totally symmetric, gerade 6a vibra- 
tions of s-tetrazine-do and -d2, respectively, we are most 
likely observing: a breakdown of the strict, perfect 
crystal selection rules. Whether or not the shoulder at 
741 cm! is due to s-tetrazine-d; is unclear, but the 
change in the relative intensity of the other two peaks 
with the composition of the deuterated mixture strongly 
suggests the following. In the solid film, a ground state 
s-tetrazine-dy) molecule may pass into the mode 6a 
vibrational state upon photon absorption if it is sur- 
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rounded by molecules that have only slightly different 
perturbational interaction properties from those of 
another identical s-tetrazine dy molecule. It is quite 
clear that the rapid deposition technique does not pro- 
duce a relatively large number of perfect crystals on the 
surface of the salt plate. The exact local symmetry of 
many of the s-tetrazine-dy) molecules in the film that 
gave spectrum A is not necessarily that of the perfect 
unit cell. Thus the absence of the 737 cm™ band from 
spectrum A indicates that this interesting phenomenon 
can not be entirely due to the deviations of the film 
structure from the perfect crystal model: the selection 
rules seem to be closely obeyed for the film spectra of 
pure substances. The really puzzling feature, how- 
ever, is that we observed only this one gerade frequency, 
the frequency that is so intimately related to the visible 
n—n* spectrum of s-tetrazine. It is difficult to as- 
sociate any of the other peaks in the cold film spectra 
with a similar phenomenon; moreover, it seems impos- 
sible that the 737 and 720 cm™ bands could both be 
due to the monodeuterotetrazine. Further investigations 
of deuterated mixtures are imperative, and, if extended 
to other systems, may yield useful information regard- 
ing the nature of the solid state of the film. 
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APPENDIX 


The following procedure for preparing pure s-tetra- 
zine has been used successfully by us many times.” 
Because of their marked unstability towards decomposi- 
tion and rearrangement, the intermediate compounds 
have not been unambigously characterized. 

Sodium dihydrotetrazine-3 ,6-dicarboxylate.* To a solu- 
tion of 180 g. of sodium hydroxide in 265 ml of water, 
114 g (1 mole) of ethyl diazoacetate was added with 
stirring, over a period of 1 hr. The temperature was 
maintained at 90°C during the addition. After cooling, 
the product was poured into 1 liter of 95% ethanol and 
the mixture was stirred. The alcohol was decanted, and 
the washing procedure was repeated five times. The 
precipitate was filtered, washed with absolute alcohol 
and dry ether, and air dried, giving 125-145 g of the 
sodium salt. 

s-Tetrazine-3 ,6-dicarboxylic acid. With stirring, 870 


17 More detailed directions and further discussion is given in 
the Ph.D. thesis of GHS, University of Washington, Seattle 
(1958). L. C. Card No. Mic 59-1239. See also reference 3 of I. 

18 The numbering convention for the ring atoms of the azines 
is that the nitrogens be labeled with the smallest integers pos- 
sible. 
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g of cold 4.3m sulfuric acid was slowly added to 135 g of 
the above sodium salt. The mixture was allowed to stand 
for 9 hr and was then filtered. The precipitate was 
washed four times with 15-ml portions of water and 
dried on a clay plate giving 40 g of the yellow dihydro- 
tetrazine-3 ,6-dicarboxylic acid. The acid was dissolved 
in a solution of 41 g of anhydrous sodium acetate in 300 
ml of water and cooled to 10°C. To this solution was 
added a cold solution of 45 g of sodium nitrite in 100 
ml of water over a period of 45 min. The mixture was 
stirred for 1 hr, and 40 ml of 10% acetic acid was 
added. After 1 hr, the solution was added to 2 1 of 95% 
ethanol. The precipitate thus formed was filtered, 
washed with dilute ethanol, and air dried giving 52 g of 
sodium tetrazine-3 ,6-dicarboxylate. 

To a solution of 50 g of the sodium salt in 700 ml of 
water at 10°C, 120 ml of cold 6N hydrochloric acid was 
rapidly added with stirring. The solution was filtered 
immediately, and the precipitate was washed with three 
10 ml portions of ice water. After drying over phos- 
phorus pentoxide, there was obtained 32 g of the red- 
dish-pink s-tetrazine dicarboxylic acid. 

s-Tetrazine. A finely ground mixture of one part of 
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dry tetrazine dicarboxylic acid and five parts of dry, 
clean sand was placed in a sublimer and covered with a 
5 mm layer of sand. The sublimer was rapidly heated in 
an oil bath to 150°C, at which temperature the de- 
carboxylation occurred. The tetrazine which was col- 
lected on the cold finger was resublimed, giving 0.3 g of 
s-tetrazine per gram of diacid used. Tetrazine must be 
stored at low temperature (preferably in an evacuated 
tube) and in the absence of light. 

Preparation of the deuterated mixtures. Various mix- 
tures of s-tetrazine-do, s-tetrazine-d, and s-tetrazine-d» 
can be prepared by the pyrolytic decarboxylation of 
3,6-s-tetrazine dicarboxylic acid that has received some 
degree of proton exchange with D,O. This exchange 
reaction is inefficient not only because of its hetero- 
geneous nature, but also because of the instability 
of wet diacid towards spontaneous decarboxylation, 
rearrangement, and/or decomposition. Our best yield 
of s-tetrazine-d, by this procedure was 52% (40%-do 
and 8%-d:). Attempts to prepare pure s-tetrazine-d; 
by first making the pure monocarboxylic acid were 
unsuccessful. The synthesis remains a challenge to the 
organic chemist. 
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The effects of anharmonic vibrations on the molecular intensity function M (s) of electron diffraction and 
on the radial distribution function f(r) considered in paper I, are treated more rigorously to meet current 
needs. More definitive general relations for interpreting experimental diffraction data in terms of molecular 
structure parameters of known absolute significance are presented. 


T was pointed out some time ago that the interpreta- 
tion of experimental internuclear parameters of free 
molecules derived by electron diffraction is complicated 
by vibrational anharmonicity.’ The effects of vibration 
on the molecular intensity function M(s) and the radial 
distribution function f(r) were studied in a preliminary 
way, particularly for diatomic molecules, assuming a 
Morse potential function. 

The improvement of experimental techniques since 
that time permits the observation of vibrational effects 
with appreciably greater precision. Our recent study? 
of methane and deuteromethane by electron diffraction 


* This work was supported by the National Science Foundation. 

+ Present address: Department of Chemistry, Faculty of 
Science, University of Tokyo, Tokyo, Japan. 

1L, S. Bartell, J. Chem. Phys. 23, 1219 (1955), paper I. 

2L. S. Bartell, K. Kuchitsu, and R. J. deNeui, J. Chem. Phys. 
35, 1211 (1961); see also J. Chem. Phys. 33, 1254 (1960). 


has demonstrated isotopic differences in the C-H 
and C-D mean distances and mean amplitudes which 
are satisfactorily explained by the difference in mass of 
the atoms vibrating in an anharmonic potential field. 
A phase shift of the molecular intensity from that 
expected for a harmonic oscillator has also been observed 
and shown to have a reasonable magnitude. 

In addition, considerable interest has recently been 
expressed in the possibility of using amplitudes of vibra- 
tion measured by electron diffraction to augment 
spectroscopic data in the characterization of the force 
fields of polyatomic molecules.** Because the number of 
~8y, Morino, Y. Nakamura, and T. Iijima, J. Chem. Phys. 32, 
643 (1960). 

4K. Hedberg, Proceedings of American Chemical Society 
Symposium on Status of Problems in Molecular Structure, 
Seattle, Washington, June 29, 1960; M. Iwasaki and K. Hedberg, 


Acta Cryst. 13, 1108 (1960); see also G. W. Chantry and L. A. 
Woodward, Trans. Faraday Soc. 56, 1110 (1960). 
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constants associated with a general force field usually 
exceeds the number of observed fundamental frequen- 
cies, it would be extremely useful to have the addi- 
tional independent vibrational data provided by 
electron diffraction. It has been found,’ however, that 
the accuracy demanded of the diffraction parameters 
for this purpose is very great. Amplitudes must be 
known to the order of 0.001 A or better if useful addi- 
tional information is to be derived. It will be shown 
below that the arbitrariness in the diffraction param- 
eters may be appreciably greater than this unless careful 
distinctions are made. 

The purpose of this study is to extend the discussion 
given in paper I and to calculate the effects of zero- 
point vibrations on the determination of the mean 
amplitude / and the anharmonicity parameter a. The 
formulas of paper I, being concerned primarily with 
internuclear distances, neglect small terms in the distri- 
bution functions and consequently leave the interpre- 
tation of amplitudes somewhat ambiguous. The follow- 
ing discussion deals principally with the diatomic case 
since the potential energy functions of polyatomic 
molecules are complicated and uncertain. In many 
cases, however, the result will be transferable to poly- 
atomic molecules, especially to the parameters of bonded 
distances. 


PROBABILITY DISTRIBUTION FUNCTION 


The internuclear probability distribution function 
assumed for the present calculations is 


P(x) =A(a/r)} 1+ > cnx") exp(—azx”), (1) 
n=l 
where 
a= 47 pv./h=1/21,’, (2) 


and «=r—r,, with uw representing the reduced mass, v. 
the normal frequency of vibration, and A a normaliza- 
tion constant close to unity given by 

A= {1+ > [com(2a)—"(2m—1) !/2"—1(m—1) !]}7. 


m=1 


The form of P(x) in Eq. (1) is the form naturally en- 
countered in perturbation treatments of anharmonic 
oscillators’ and is also a convenient form for handling 
the distribution function of the Morse anharmonic 
oscillator for which exact analytic expressions of the 
wave functions have been given.® Results of calcula- 
tions will be given both for arbitrary coefficients c, and 
for the ground vibrational state of the Morse oscillator. 
Although the use of the Morse distribution function is 
not completely justified,’ it is considered to provide a 
reasonable model for the characterization of diffraction 
data. 


5 A. Reitan, Kgl. Norske Videnskabers Selskabs Skrifter, NR2 
(1958). 

®°P. M. Morse, Phys. Rev. 34, 57 (1929). 

7Y. P. Varshni, Revs. Modern Phys. 29, 664 (1957). 
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For the ground vibrational state, the Morse oscillator 
distribution function is given by® 


Po(«) =K exp{—[(2a/a?) exp(—ax) ] 
+[a—(2a/a) ]x}, (3) 


in which the parameter a serves as a useful index of the 
anharmonicity, for a given value of a, such that the 
oscillator becomes harmonic as a tends to zero. The 
associated c, are 


q=d, c3= aa/3+a'/6, 
C= @a/4+a'/24, 65= @a/10+<a*/120, 
C6= aa? /18+ata/36+a°/720, etc. (4) 


It is useful to note that a>a?, in general. By way of 
comparison, it is helpful in assessing the generality of 
the Morse form to observe that the coefficients resulting 
from a first-order perturbation treatment of the ground 
state of the anharmonic oscillator for which V(x) = 
(k/2) (x?— ax), are 


a =a c.=a?/4, C3=aa/3, 


Cx= aaa/6, C6= a°a"/36, (5) 


and c,=O for all other n. 

The way of characterizing the anharmonicity is not 
unique. However, it seems profitable at the present 
stage to represent the anharmonicity by a parameter a 
and to define it in relation to the potential function as ¢. 

The relationship between P(r) and the scattering 
of electrons by an assembly of gaseous diatomic mole- 
cules has been shown by Debye’ to be 


Sr 


: sinsr 
M(s) =cf P(r) ——dr, (6) 
0 


where M(s) is the reduced intensity function (Jtor— 
Tat) /Zat, and c is a constant related to the scattering 
power of atoms. 


MEAN DISTANCES 


The important distance parameters, in terms of the 
notation of paper I, are r,(1) and 7,(0). The former is 
the center of gravity of the radial distribution function 


f(r) [Eq. (8) of paper I], and is therefore the parameter 


most naturally associated with electron diffraction 
experiments. The latter is the center of gravity of the 
probability distribution function. By using Eq. (1) 
the following simple expressions are obtained for r,(1) 
and 7,(0) : 

rj(1) =r.+ele?/e0, (7) 
and 


"9 (0) = re+L( eo ter, + 2€1,”) / (ere tela”) -, (8 ) 


8 P. Debye, J. Chem. Phys. 9, 55 (1941). The simplified form of 
Eq. (6) strictly applies only if corrections have been made for 
the scattering by planetary electrons and for the failure of the 
Born approximation. 
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where the constants e, are given by 


€,= dE (n+2m) 1/2™n!m! |dn4omg™, 
m= 
(n, m=0,1,2,---) (9) 
with 
g=1/2a=I,’, dy=1, (10) 
and 
dn=Cn— (dn—1/Te) (11) 
The summation of ¢, [Eq. (9) ] converges fairly 
rapidly when m is a small number, so that the addition 
of the first few terms is sufficient to evaluate e,. The 
constant € is very nearly unity. 
For the zero-point Morse oscillator the expressions 
reduce to 


r,(0) =re+ (3) ale2+ (43) alaitess, (12) 


and 
ry (1) =7,(0) —1a?/r.— (3a?/2r,—5a/2r2+2/r3) litres. 
(13) 
The terms with /,‘ are generally less than 10-* A. 
MEAN AMPLITUDES 


The mean amplitudes reckoned from the equilibrium 
position r, and from the mean position r,(0) are denoted 
by /, and /,, respectively.*’ It can be shown that® 


l= if— Lr, (0) a *F, 


as [ x?P(x)dx. 


—c 


where 


It follows from Eqs. (1) through (14) that 

12 = 12+ (eter. +3¢sha?) / (ore tela?) |, 

and 

1? = La? +a! O€3 (€or terla?) La? + (12 Qa?) (2eve2— 1”) 
— €9° — 2r.€1€olq” — 4€2la* |/ (€ore+ela”)?. 

The Morse results are” 


l2= 12-+- ( As ) a’l,.'+ ( 3 3 ) ot.§+ ar 


(17) 


(18) 
and 


e=la+(})a%la'— ($8)atle+e++. (19) 


Accordingly, /, and /, are readily calculated if /, and 
a (or the more general coefficients c,) are determined 
from the experiment. In the case of diatomic molecules, 
1, is directly defined in relation to u and », as indicated 
in Eq. (2). For polyatomic molecules, /, and J, would 
seem the more significant parameters, with J, simply 
representing a convenient parameter for expressing 

°K. Kuchitsu, Bull. Chem. Soc. Japan 32, 748 (1959). 

10 Equations for r, and / similar to (12), (13), (18), and (19) 
can be derived from the cubic oscillator model, Eq. (5). They 


agree with the corresponding Morse expressions through the 
terms proportional to /,?, as naturally expected. 
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P(r). In that case, J, can be uniquely determined only 
if the coefficient c2 is defined. It seems most convenient 
to define c. to be a?/2 as in the case of the diatomic 
Morse oscillator. 

The difference between /, and /, is particularly im- 
portant in the case of hydrides. For hydrogen fluoride, 
for example, the spectroscopic data," v= 4138.52 cm™ 
and y.x,=90.069 cm, lead to the following results: 
a=2.36, A!, 14=0.0652 A, 1,=0.0663 A, and /,= 
0.0679 A. 

For the nitrogen molecule, however, the difference is 
much smaller. It is calculated that a@=2.417 Aq, 
l4=0.0320 A, 1,=0.0321 A, and /,=0.0323 A, from 
Stoicheff’s spectroscopic values,” y,= 2357.84 em™ and 
VeXe= 14.062 cm“. 


RADIAL DISTRIBUTION FUNCTION 


The radial distribution function® f(r), the Fourier 
sine transform of the modified molecular intensity 
curve, sM(s) exp(—bs?), where exp(—ds?) is a con- 
vergence factor, is related to P(r) by 


f(r) = c(n/166)8 P(x) (re+x)7 


X expl[—(r—r.—x)?/4b Jdx, (20) 


where c is the constant of Eq. (6). The substitution of 
Eq. (1) into Eq. (20) leads to a function which is 
analogous to Eq. (9) of paper I but includes higher 
powers of x, 


f(r) = A(c/2r.) (amr/y)E(x) exp(—ax?/y), (21) 


where 
E(x) = Yoen’y-"x" (22) 


and y=4ba+1. The function f(r) has a form similar 
to P(r) given in Eq. (1), and the coefficients e,’ of the 
polynomial (x) are related to the coefficients c, of 
P(x) by Eq. (9) if the quantity g is identified with 
2b/y rather than 1/2a given in Eq. (10). The magnitude 
of g is commonly the order of 2 10~ A’. 


EXPERIMENTAL MEAN AMPLITUDE 


A method for obtaining the experimental amplitude 
from electron diffraction data has been described else- 
where," but the relation between the experimental mean 
amplitude and the rational parameter J, has not been 
discussed. The radial distribution curve computed from 
the experimental M(s), given in Eq. (3) of reference 14, 
is comparable to f(r) of Eq. (21) of the present paper 
when proper corrections have been made to f(r) for 


1G. Herzberg, Molecular Spectra and Molecular Structure, I 
(D. Van Nostrand Company, Inc., New York, 1950), p. 536. 

2B. P. Stoicheff, Can. J. Phys. 32, 630 (1954). 

13 Although, strictly, it is P(r) that is the radial distribution 
function, it is common usage to refer to f(r) as the radial dis- 
tribution function. 

4R. A. Bonham and L. S. Bartell, J. Chem. Phys. 31, 702 
(1959). 
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TABLE I. Mean amplitudes of methane (in A units). 


be [> 1, 


C—H(CH 
C—D(CD, 


0.074 0.073, 0.075, 0.078, 


0.0665 0.0650 0.066; 0.068, 


® Corrected for the failure of Born approximation (reference 2). 
b Cal 2.60A~! and re=1.085A. 


ulated assuming a 
the effect of the finite upper limit of the Fourier integral, 
for the failure of the Born approximation, and for the 
finite specimen size. The corrected f(r) is denoted by 
fo(r). The parameter /, can be derived from fo(r) on the 
assumption that fo(r) has the form given by Eq. (21), 
with known ¢p. 

Since E(x) has a suitable form for digital computa- 
tions, a least-squares analysis may be made to fit 
fy(r) to Eq. (21) numerically with the adjustable 
parameters a, r,, and a. The parameters @ and r, should 
be made self-consistent, but, unless the diffraction data 
are unusually precise, it is probably better to fix a at a 
plausible value than to vary it arbitrarily. Then 7, can 
be obtained from a by Eq. (2), and /, and /, are derived 
from /, and a by Eqs. (16) through (19). This straight- 
forward procedure is perhaps the best method for simple 
molecules if a reasonably fast digital computer is 
available. 

An alternative procedure with the virtue of simplicity 
is to relate /, to the /. derived by a conventional analy- 
sis. As suggested in reference 14, the principal skewness 
of fo(r) can be eliminated by converting fo(r) to 


f (7) = fi if} —*% ticagay? 6reyo' 2) (r—r) 


X exp[—ao(r—ro)?/yo], (23) 


where do, ao, 7o, and yo are the approximate values of the 
parameters a, a, r,, and y, respectively, used for the 
correction. The second term of Eq. (23) corresponds 
to the leading term of the cubic contribution to E(x) 
in Eq. (21). Since f-(”) is very nearly a Gaussian 
function it is readily fitted by 


(Re/2re) {ar / (46-4212) } 
xX exp[— (r—r.)?/(46+212) ]. 


fe (7) 
(24) 


If a least-squares criterion is used to determine the 
optimum values of the parameters R, r,, and /,, the 
desired parameters 7,(1) and /, may be derived with 
the aid of the relations 


rr, (1) —ao/4avyo, (25) 


and 


IoD? +1! (— "+ Deo! +641/la?/y+3066/lat/y?). (26) 


16 For vibrational states higher than the ground state, terms 
higher than the cubic term begin to influence the center of gravity 
appreciably, however. 

16 With respect to the minimization of 2;[f-(ri) —f@(ri) ]*. For 
a convenient method suitable for the simultaneous fitting of 
many peaks in f(r), see reference 14. 
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This procedure should be recycled to self-consistency 
if the input parameters r, and a» are found to be in error 
by several fold more than (r.—r,.) and (1-—lq)/la’, 
respectively. 

An example of the differentiation between the various 
amplitude parameters encountered in a diffraction 
investigation? of CHy and CD, is given in Tabie I. 
According to a perturbed normal coordinate analysis 
of methane using a modified anharmonic Urey-Bradley 
force field,” the distributions for C—H and C—D 
bonds are well characterized by the parameters r,, a, 
and a. 


FREQUENCY MODULATION OF MOLECULAR 
INTENSITY 

As shown in reference 2, the phase shift of the molecu- 
lar intensity curve from a sine curve, which takes place 
at large s and increases uniformly with s, is a sensitive 
measure of the vibrational anharmonicity. If the 
molecular intensity M(s) as given by Eq. (6) is used 
with P(r) as given by Eq. (1), it is found'’® 


M (s) = Ac(o;2+o2?)! exp(—s?/4a) {sins[r,+¢(s) ]}/sre, 
(27) 


where 


o1= >, (—1)"€on41(Ia2s) 2"+! 


n=0 


(28) 


and 


o2= ~(- 1) "€on(1g2s)?". 


n=O 


(29) 
Coefficients € are given in Eqs. (9) through (11). The 
effective mean amplitude /,,2, which is approximated by 

Lyn? = 1? + (2€2/€o— €17/€0?)la'+***, (30) 
is very nearly /,?. The phase shift g(s) is given by 


¢(s) =(1/s) tan (0;/o2). (31) 


Taste II. Calculation of phase shift® for methane (in 107? A). 


CH, 
ye IIe 


CD, 


III II III 


—0.332 —0.313 
—0.514 —0.489 
—0.733 —0.704 
—0.986 —0.958 
—1.270 -—1.251 


—0.528 
—0.825 
—1.188 
—1.617 
—2.112 


—0.566 
—0.873 
—1.236 
—1.648 
—2.100 


564 
.871 
. 234 
643 
—2.087 


—0.330 
—0.512 
—0.731 
—0.984 
—1.268 








® Parameter a is assumed to be 2.60A™'. 
b Phase shift (s) calculated by Eqs. (31) and (32). 
© o(s) approximated by Eq. (35). 
4 $(s) approximated by Eq. (38). 


1K. Kuchitsu and L. S. Bartell (to be published). 

18 The necessary integrals are listed in: Bateman Manuscript 
Project, California Institute of Technology, Table of Integral 
Transforms (McGraw-Hill Book Company, Inc., New York, 
1954), Vol. 1, pp. 15, 74, and 369. 
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If g(s) is expanded as a power series of s, it takes the 
form, 


¢(s) =1.7e/e+9(s). 


By the use of Eq. (7), Eq. (27) can be rewritten as 


(32) 


M(s) = Ac exp(—/n?s?/2) {sins[r,(1) +6(s) ]}/sre, (33) 
and accordingly, the phase shift ¢(s) is defined with 
respect to r,(1). The function ¢(s) is given by 


= Didn(las)?. 


n=l 


(34) 
In general, ¢ is approximated with considerable 
accuracy by the first two terms of Eq. (34). Namely, 
o~dl?s?+-holats', (35) 
where, in the Morse case, 
gi= —al,?/6— (a?+1/r,?) (a/2—1/3r.)lat— +++, 


and 


(36) 


go=a4ly'/20+++. (37) 


It should be noted that simply the first term of Eq. (36) 
can give a fairly good representation of the phase shift, 
which, in that approximation, is 


o~—al,'s*/6. (38) 


This corresponds to the term an/4a in Eq. (7) of paper 
I. To calculate ¢ with more accuracy than that given in 
Eq. (35), it is better to use Eqs. (31) and (32) witha 
digital computer. 

A numerical calculation of $(s) is made for CH, 
and CD,, and the result is given in Table IL. 


ELECTRONS. II 


CONCLUSION 


If a sufficiently accurate radial distribution curve 
fo(r) is obtained by the Fourier sine transform of an 
experimental molecular intensity curve M(s) followed 
by a series of appropriate corrections, it is then possible 
to derive the following structural parameters from f(r) : 
The internuclear distances, r,(1), 7,(0), and 7, the 
root mean square amplitudes of vibration, /,, /,, and 
l., and the anharmonicity parameter, a. The necessary 
analytical expressions are given in terms of the e, (or 
én’) of Eq. (9) which are readily computed from the 
coefficients c, of Eq. (3). 

In practical cases, it is convenient to use the following 
procedures based on the assumption that the proba- 
bility distribution function is Morse-like. This assump- 
tion seems to be a reasonable approximation at the 
present stage of experimental accuracy. 

1. fo(r) is converted to f(r) using Eq. (23) by 
eliminating the principal skewness of fo(r). 

2. By a least-squares analysis discussed in reference 
14, r, and /, are obtained from f.(r) by Eq. (24). 

3. r,(1) and J, are obtained from r, and J, by Eqs. 
(25) and (26), respectively. 

4. The phase shift ¢(s) of Eq. (33) is calculated 
from the experimental M(s) using r,(1) and J,. 

5. The parameter @ is estimated from ¢(s) and J, 
by Eq. (35) or by Eq. (38). 

6. The above procedures are recycled if necessary to 
make the parameter a assumed in the procedures 1 and 
3 consistent with the result of the procedure 5. 

7. 1, and 1, are obtained from /, and @ by Eqs. (18) 
and (19), respectively. 

8. r,(0) and r, are obtained from 7,(1), Ja, and a 
by Eqs. (13) and (12), respectively. 
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The complete-matrix least-squares analysis on the neutron diffraction intensities of CaC2, YC2, LaCs, 
CeCe, TbC2, YbC2, LuC2, and UCe yielded the C—C distances in the C2 groups, 1.191-+0.009, 1.275=0.002, 
1.30340.012, 1.283+0.004, 1.293+0.009, 1.287+0.010, 1.276+0.012, and 1.340+0.007 A, respectively. 
The statistical averages of the neutron scattering amplitudes obtained from the dicarbide data and those 
reported previously are 0.488+0.007, 0.796+0.009, 0.832+-0.014, 0.482+-0.006, 0.756+0.020, 1.262+ 
0.012, 0.73+-0.02, and 0.851+-0.022, all in 10~* cm with positive sign, for Ca, Y, La, Ce, Tb, Yb, Lu, and 


U, respectively. 


The paramagnetic scattering analyses revealed that all metal atoms in these dicarbides are in their tri- 
valent Hund ground state, except Ca(divalent), Yb(possible valency of 2.8), and U (possible tetravalent). 
The scattering data also deduced the screening constants for the 4f electrons in Ce, Tb, and Yb as 39, 
43, and 43, respectively, which are compared with those obtained by other methods. The bond numbers for 


the rare-earth dicarbides are briefly discussed. 


INTRODUCTION 


NUMBER of metal dicarbides MC possess the 
CaC:-type structure but the divalent metals form 

nonmetallic dicarbides, whereas the metals of potential 
trivalent or higher valency form metallic dicarbides.'~“ 
Our previous neutron analyses®* have shown that the 
C-C distances in the C2 groups in CaC2, LaC2, and UC2 
are 1.20+0.01, 1.28+0.02, and 1.34+0.01 A, respec- 
tively. The C-C distance increases as the potential 
metallic valency increases. These reported data of 
CaCs, LaCs, and UC, have been re-examined using the 
least-squares method. The refined parameters confirm 
previous results but are defined within narrower limits 
as described below. The experimental details for CaCo, 
LaC2, and UC; have been reported in our previous 
papers.°® 

The program has been extended to a series of rare- 
earth dicarbides, because, in general, their structural 
parameters are not only governed by the lanthanide 
contraction, but also are characterized by the individual 
electronic energy-level configuration. In particular, the 
abnormal lattice constants of YbC2 may be interpreted 
as a possible indication of the divalent state of Yb, 
but YbC, is also a typical metallic compound.?* The 
dicarbides of Pm and Eu have not been successfully 
prepared, although EuC, would provide an interesting 
problem similar to the case of YbC2. Since some of the 
rare-earth elements possess prohibitively large capture 

+ Based on work performed under the auspices of the U. S. 
Atomic Energy Commission. 

1M. von Stackelberg, Z. physik. Chem. (Leipzig 
(1930); Z. Elektrochem. 37, 542 (1931). 

?F. H. Spedding, K. Gschneidner, Jr., and A. H. 
J. Am. Chem. Soc. 80, 4499 (1958). 

3R. C. Vickery, R. Sedlacek, and A. 
1959, 498. 

4R. E. Rundle, N. C. Baenziger, A. S. Wilson, and R. A. 
McDonald, J. Am. Chem. Soc. 70, 99 (1948). 

5M. Atoji, K. Gschneidner, A. H. Daane, R. E. Rundle, and 
F. H. Spedding, J. Am. Chem. Soc. 80, 1804 (1958). 

6M. Atoji and R. C. Medrud, J. Chem. Phys. 31, 332 (1959). 


9B, 437 
Daane, 


Ruben, J. Chem. Soc. 


cross sections, the dicarbides with low cross sections, 
CeCe, TbC2, YbCs, and LuC, have been chosen as the 
respresentative compounds. The neutron-diffraction 
study of YC, has also been carried out, since most of the 
chemical and physical properties of yttrium charac- 
terize it as being a typical heavy lanthanide. In the 
present paper, the terminology ‘rare earths’’ implies 
also the yttrium atom, unless otherwise specified. 
The paramagnetic diffuse scattering of these rare-earth 
dicarbides was investigated in relation to the valency 
states of the metal atoms and to the screening constants 
for the 4f electrons. The measure of precision for all 
results reported in this paper is expressed in terms of the 
standard deviation. 


EXPERIMENTAL 


YC2, CeC2, TbC2, YbC2, and LuC, were prepared 
from the high-temperature direct combination of the 
respective metal (99.9 weight % pure, except Lu with 
an impurity of 2.0+0.2% Ta) and the powdered spec- 
troscopic graphite-electrode.* In most of the dicarbide 
preparations, the formations of eutectic conglomerates 
are unavoidable as seen, for example, from the La—C 
phase diagram.’ Hence, all samples were subjected to em- 
ission-spectrographic, chemical, and x-ray diffraction 
analyses for the determination of impurities. The results, 
within the maximum detectable limits of 0.05% and 
0.1%, respectively, for metallic and nonmetallic impuri- 
ties, are as follows: No impurities were detectable in 
YC, and TbhC2; 4.640.2% CesC; in CeC2; 4.04+0.03% 
graphite in YbC2; and 2.2+0.1% graphite and 2.04 
0.1% TaC in LuCs. Special efforts were made for 
detecting the impurities with high capture and/or 
large paramagnetic cross sections, but none of them were 
found in our samples, except in CeCs, where an impurity 
of 0.052+0.003 atomic % Gd in Ce was noted. 


7F, H. Spedding, K. Gschneidner, Jr., and A. H. Daane, 
Trans. Am. Inst. Mining Met. Petrol. Engrs. 215, 192 (1959). 
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STRUCTURE 


The hydrolyses of the rare-earth dicarbides take place 
in moist air,?* although their reaction rates are generally 
slower than that for CaC:. Consequently, finely pow- 
dered samples were sealed into the Ti-Zr alloy or 
aluminum cylindrical holders under dry nitrogen or 
argon atmosphere. Neutron-diffraction data at 293+ 
3°K were obtained with the neutron wavelength, \= 
1.055+0.002 A (0.0735 ev), using the Oak Ridge 
neutron spectrometer. The continuous scanning tech- 
nique was employed but step-scanning data were also 
used for calibration purposes. Optimum experimental 
conditions were so chosen that the peak profiles ob- 
tained by the continuous scanning method should be 
identical to the step-scanning rocking curves and that 
the latter curves can be approximated by the Gaussian 
normal distribution function.’ Accordingly, the total 
neutron intensity at the given angle @ is given by 


h(@) 


wt 


exp{—A(0) (0—Onx1) }?, (1) 


P(6)=C(0)+ > Pret 
hkl 


where C(6) is the background intensity and Phx: is 
the integrated power of the coherently diffracted neu- 
trons for the (hkl) peak with the Bragg angle of nx. 
The function 4(@) can be readily obtained from the 
relation h(@)=2(1n2)!/A,, where Aj is the full-width 
at half-height of the peak. The A, value’ is a function 
of the horizontal angular divergence a;(i=1, 2, 3) 
of the ith collimator, the incident peak profile, the full 
width at half-maximum of the Gaussian mosaic distri- 
bution of the monochromating crystal 8 and k= 
tan@/tan@g, where 0, is the monochromating Bragg 
angle and is equal to 14.67° for the Cu(111) reflection 
used in the present study. In addition to the available 
geometrical data on the collimating system, analyses on 
the single-crystal diffraction patterns using a modified 
Willis’ © formula (to be published elsewhere) yielded 
a = a= 0.379, a3=0.62°, and B=0.27°. The formula 
for A; in the powder case with the Gaussian incident 
peak profile is then expressed by 


Ay=0.523(k2—k+1.783)}, (2) 


The calculated A; values are compared with the 
observed ones in Fig. 1, where the values obtained from 
the carbides, nickel, graphite, and rare-earth metals are 
summarized. At higher angles, the observed peak widths 
suffer from larger statistical errors and the calculated 
peak widths are more sensitive to the parameters 
employed, particularly to the shape of the incident 
beam cross section. Nevertheless, the #(@) values can 
be expressed either numerically or analytically and 
hence P(@) is a function of C(@) and Pry: only. These 
two unknowns in the overlapped peaks at low angles 
were evaluated using the least-squares method with 
the P(@) values at 0.1° intervals in 6. The 4(@) values at 

8G. L. Putnam and K. A. Kobe, Chem. Revs. 20, 131 (1937). 


®G. Caglioti, A. Paoletti, and F. P. Ricci, Nuclear Instr. 3, 
223 (1958). 


0B. T. M. Willis, Acta Cryst. 13, 763 (1960). 
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Fic. 1. Compari- 
son between the ob- 
served and calcu- 
lated full widths at 
half-height of the 
peaks. The observed 
values are shown by 
dots and the solid 
line, the calculated 
values by the dashed 
line. 


FULL WIOTH AT HALF HEIGHT OF PEAKS (DEGREES) 











20 
@ (DEGREES) 


higher angles are less reliable as discussed above and 
therefore Wilson’s statistical method" was supple- 
mented to the least-squares method for determining 
the C(@) values of the group reflections. The impurity 
peaks were subtracted from the main reflections with 
the help of the methods described above. 

The neutron power of the coherent reflection for the 
continuous scanning method is given by 


as 12 = 2 
. Pi|F\2A (=) 
Pui=(K/9)N2-2-+-——— exp] —2B,—) |, (3 
m= (K/2) psinbsinde Xr (3) 


where K represents the instrumental constants,” Q the 
angular velocity of the counter, V, the number of unit 
cells per cm’, p’ and p, respectively, the apparent powder 
density and crystal density, 7 the multiplicity factor 
for the reflection (hkl), F the crystal structure fac- 
tor, A the absorption factor, and B the temperature 
factor coefficient. The Pix; values were obtained by 
measuring the coherent peak areas with a polar planim- 
eter and the scaler recordings were also extensively 
utilized in the intensity determination.” The absorption 
factors were obtained from the transmission cross sec- 
tions with three-place accuracy and the absorption cor- 
rections were made with quadratically interpolated 
values based on Bond’s table. The coherent scattering 
from the sample holders were corrected for absorption® 
and were subtracted from the total coherent scattering. 

The total differential cross section for the diffuse 
scattering, do/dw per molecule, is obtained from the 
relation 


C(0) = (84K/N) Neme(o'/p) (do/dw)A, (4) 


where , is the number of molecules or chemical units 
per unit cell of crystal. The instrumental and sample 


4 A. J. C. Wilson, Nature 150, 152 (1942). 
2 W.O. Milligan, L. W. Vernon, H. A. Levy, and S. W. Peter- 
son, J. Phys. Chem. 57, 535 (1953). 


13S. W. Peterson and H. A. Levy, J. Chem. Phys. 20, 704 
(1952). 


4 W. L. Bond, Acta Cryst. 12, 375 (1959). 


1° H. A. Levy and P. C. Sharrah, Oak Ridge National Labora- 
tory Rept. ORNL-1832. 
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STRUCTURE 


holder scattering corrected for absorption and epi- 
cadmium neutrons were properly subtracted from the 
observed background. The factor K was determined 
from the coherent scattering of pure nickel powder for 
which the coherent scattering cross section, 13.2-+0.2 b, 
was used." The Debye temperature of Ni was found to 
be 413+5°K from the neutron data, while the calori- 
metric Debye temperature is 413°K.” More precise 
values of K were obtained from the least-squares method 
described in the following section. The secondary ex- 
tinction and preferred orientation effects were found to 
be negligible. No coherent magnetic scattering was 
observed from CaCs, YC2, LaC2, CeC2, TbhC2, YbCo, 
LuCs, and UC. at 293+3°K. 


LEAST-SQUARES REFINEMENTS 


The method of least squares with the full-matrix 
treatment for minimizing a function }>,w( >> ,Jon— 
ba ae )? was used in the structure refinement. Here _, 
represents the sum over a group of reflections which are 
not accurately resolvable into the individual reflec- 
tions, and >°,, represents a sum over the independent 
groups. The weighting factor w is set to be equal to 
(olops)~*, Where oloys is the standard deviation of the 
observed intensity. With the aid of the IBM 650 
digital computer the least-squares procedure was 
repeated until the parameters no longer changed, and 
the matrix of the normal equations was then inverted to 
determine the standard deviations of the final param- 
eters. Using the reported coherent scattering amplitudes 
of Ca, Y, La, Ce, Yb, Lu, U [see (a) in Table I] and 
C, the three variables, the positional parameter for 
carbon atoms at (000, 333)+(00z), the isotropic 
temperature factor coefficient B, and the scale factor K, 
were refined for CaC2, LaCe, YC2, CeC2, YbCs, LuCs, 
and UC.. Since the scattering amplitude of carbon is 
accurately known (b.=0.662+0.0024 in 10-” cm),'® 
the four-variable refinement, taking the scattering 
amplitude of the metal atom as an additional parameter, 
was carried out for CaC2, LaCs, YC2, CeCo, YbC2, UC2, 
as well as for TbC2, where br, was unknown. The LuC, 
data suffered from many impurity peaks and were not 
used for the latter refinement. The anisotropic tempera- 
ture factors were introduced into the refinements but 
the results failed to meet the physical significance, 
partly because of the small number of independent 
reflections relative to the number of the variables. On 
the other hand, it is rather doubtful to expect large aniso- 
tropic thermal motions in these metallic compounds. 
The anisotropic temperature factors for CaC, have been 
discussed in our previous paper.® 

The final results obtained from two independent re- 
finements and their weighted averages are listed in 
Table I. The agreement factors listed in Table I are 


16]. J. Hughes and R. B. Schwartz, Neutron Cross Sections 
(U. S. Government Printing Office, Washington, D. C., 1958). 
1 W. H. Keesom and C. W. Clark, Physica 2, 513 (1935). 
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defined by 


R=[) w(lovs—Leate)?/n—m ]}, (5) 


R3= [> w ( I obe— Fats )*/ Dd wlove | - (6) 
u u 


where R and R; are the standard deviation of an obser- 
vation of unit weight and the root-mean-square dis- 
crepancy factor with weighting factors, respectively. 
In the above expressions, the symbol , has been 
omitted and m and m are the number of observations 
and variables, respectively. The expectation value of R 
is unity if the errors in J,,s follow the Gaussian law and 
alops’s are properly assigned. The R values in Table I 
imply underestimated oJ ps, except for the case of LuC2, 
where oJ ops’8 are overestimated. The standard devia- 
tions in the scattering amplitudes, the temperature- 
factor coefficients and the scale factors are much larger 
than those for the carbon parameters. Inversely, the 
precision positional parameters can generally be ob- 
tained with less precise scattering amplitudes, and 
deduction of the veracious thermal parameters would be 
by far a difficult task in structure determination. The 
scattering amplitudes obtained from the dicarbide 
data are not significantly different from the reference 
values, except in the case of Ce. The change in the 
scattering amplitude of Ce from the literature value of 
0.46X10-" cm to the present one of 0.484X10-" cm 
shows considerable improvement in the over-all agree- 
ments. The most probable values of the coherent scatter- 
ing cross sections of Ca, Y, La, Ce, Tb, Yb, Lu, and U 
are deduced from the values in Table I are, respec- 
tively, 2.99+0.09, 7.96+0.18, 8.7+0.3, 2.92+0.07, 
7.18+0.38, 20.0+0.4, 6.7+0.4, and 9.1+0.5, all in 
barns. In Table II(a) to (h), the observed intensities 
with their standard deviations are listed with the cal- 
culated values obtained from the four-variable refine- 
ments, except for LuC2, where the results obtained 
from the three-variable refinements are shown. The neu- 
tron wave lengths employed are also indicated in Table 
II(a) to (h). All Zeate values in Table II are equal to 


jF? expl—2B(sin6/\)? |} 


sin@ sin2@ 





in 10-*4 cm?. 


PARAMAGNETIC SCATTERING 


The observed total diffuse scattering was interpreted 
using the methods developed by Trammell,'® and Koeh- 
ler and Wollan. Assuming the rare-earth ions have the 
Russell-Saunders LS coupling and are in the Hund 
ground state,” and using the hydrogenlike radial wave 
function, Trammell'® has obtained the expression for 


8G. T. Trammell, Phys. Rev. 92, 1387 (1953). 

1 W.C. Koehler and E. O. Wollan, Phys. Rev. 92, 1380 (1953). 

2% J. H. Van Vleck, The Theory of Electric and Magnetic Sus- 
ceptibilities (Clarendon Press, Oxford, England, 1932), p. 241. 





Indices 


Tecate love Indices 


Teale 


MASAO ATOJI 





Tobe 


TABLE II. Observed and calculated neutron diffraction intensities. 
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Indices 


Tecate 





(a) CaCe (A=1.090 A) 
312 
350+4 
303 
63745 


212+4 


006 


37148 


212+6 


(b) ¥YC2 (A=1.055 A) 


314 
400 


22042 


842+4 


292 291+3 


mf > 
lao 718+3 
4 


1) 
.2}207 

' 

.0) 


8) 
| 


.6}523 
.0} 


>) 
7 | 


| 
.9| 
| 


812+4 


110 


<5) 
5.8] 
| 


9| 
| 


A| 
| 


iz +662 


146+20 





177+22 


859+7 





(b) YC. (A=1.055 A) 


.6} 
+501 


(c) LaC, (A=1.277 A) 


200+3 


947+30 


(d) CeC2 (A=1.055 4 


34742 


589+2 
206+2 


47446 


312 


303 
006 
321 


224 


215 
116 


314 
400 
323 


312 


303 
006 


321 
224 





180 


80 
1 
6.1 


2.55457 
nea 


4.5 
100.4232 
127.0} 


20245 
7944 
=v 


421+16 


<7 


197+20 


30.4/505 496+7 


36.3! 
137.0! 

| 
68.3} 


38.0) 
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Indices Fait Fase Indices 


I cale 


Tovs Indices I cate 


Tobs 


Indices cale 





(e) ThC: (A=1.055 A) 

46.3) 314 
+212 21343 

166.2) 400 


821 836+4 


26543 


323 
266 


0 
676 
4 


411 
669+3 
402 


11. 
83. | 
121.4) 
206 i 


6| 


4) 





112 
200 


218+4 


299+8 


570+7 


1257+16 


37045 


4.3) 
220.6 
0.9}1334 
553.6 
| 
/ 


54.7 


(g) LuC: (A=1.055 A) 


17647 


754+20 
2038 


211 23.0) 
202 


004 
114 


220 


1372+17 


162+7 


445+20 


459+4 


.6| 


(619 637+8 


3.8 
3 

| 

” 

140.7) 7 


84 94226 219-43 6 


0.4) 


(f) YbC: (A=1.055 A) 

114 ‘f} 
220 
213 


38145 


8>983 974+12 


1289+6 








the paramagnetic differential cross section, 
da/dw= 3 (ey/2me*)*[ Ly Fo’ (k) +257 Fo (k) 
—9LsF*(k)], (7) 
where ¥ is the magnetic moment of the neutron in nu- 
clear Bohr magnetons, Ly=L-J/| J |, S;=S-J/| J), 
and the parameter k is equal to 87ap sin6/[A(Z— S) ], 
where dp is the Bohr radius and S is the screening con- 
stant. The formulas for Fo’(k), FoS(k), and Fe"(k) 
have been given by Trammell but their numerical 





| 
| 
| 


| 
| 


620425 
213 


090 A) 
312 


(h) UC, 


146+4 
303 329+11 
818+7 


23745 


006 
321 


224 


891+27 426+30 


215 
116 
314 


333413 


631+8 


375413 


105 


346.2) 


310 





values in his Table V are too coarse in k for practical 
use and are in error in some instances. Hence, they are 
calculated for the finer intervals of ka and are given in 
Table III. The (Z;, Sy) values are (3.38, —0.423), 
(3.24, 3.24), and (3.40, 0.567) for Cet#(4f 2Fs5,), 
Tbt*(4f8 7Fs), and Ybt*(4f% ?Fz,), respectively. No 
paramagnetic scattering is expected from the ground 
states of Ca*?, Y*+8, Lat’, and Lu**. The paramagnetic 
scattering from UC; is not discussed in this paper. The 
paramagnetic differential cross sections of the free tri- 
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Fic, 2. Diffuse scattering by YC2. Good agreement between 
observed diffuse scattering represented by dots and expected 
total diffuse scattering (a sum of the thermal diffuse scattering 
and the incoherent nuclear and multiple scattering) indicate no 
paramagnetic scattering from this compound. 


valent ions at k=0 are 0.311, 4.58, and 0.994 b/ion for 
Ce**, Tb**, and Ybt*, respectively. The thermal in- 
coherent differential cross sections were computed from 
the Debye approximation, 


et i— exp[ — 2B sing, nN FH}. 


The nuclear and multiple incoherent scattering were 
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Fic. 3. Diffuse scattering by CeC2, The paramagnetic scatter- 
ing is obtained by subtracting both the incoherent nuclear and 
multiple scattering and the thermal diffuse scattering from the 
observed diffuse scattering. 
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Fic. 4. Diffuse scattering by TbC2. 


assumed to be isotropic”! and their contributions were 
evaluated from the total diffuse background at high 
scattering angles, where the paramagnetic contribution 
is small enough to be neglected. However, it should be 
noted that the paramagnetic scattering for the high 
effective nuclear charge (Z—.S) may still contribute 
considerably to the background even at our instrumental 
maximum angle (2@=130°). Although the possible 
errors due to this uncertainty have been included in the 
observed values, more conclusive results could have 
been obtained, if wider instrumental limitations were 
available. 

The observed total incoherent differential cross 
section per molecule is compared with the thermal, 
nuclear, and multiple scattering cross sections in 
Figs. 2-5 for YC2, CeC2, TbC2, and YbC2, respectively. 
Even though the contribution of the impurity diffuse 
scattering to the total background is very small, the 
incoherent scatterings from graphite (Fig. 6) and CesC; 
were analyzed independently and their proportions 
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21 G. H. Vineyard, Phys. Rev. 96, 93 (1954). 
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were subtracted from the total values. The resultant 
maximum errors in the observed values are schemati- 
cally shown in Figs. 2-6. 

No paramagnetic scattering was observed for YC, 
(Fig. 2). Hence, both yttrium and the C2 group in YC» 
must be nonparamagnetic or very weakly paramagnetic, 
in accordance with the expectations from the !S» state 
of Y** and the ground state of the acetylene ion C,*. 
Similarly, although less precisely, CaC2, LaC2, and LuC: 
were found to be essentially nonparamagnetic. The 
observed paramagnetic cross sections as obtained by 
subtracting the thermal, nuclear, and multiple com- 
ponents from the total incoherent cross sections, are 
shown in Figs. 7-9, respectively, for CeC2,, TbC2, and 
Taste III. Numerical values for the Trammell paramagnetic 


scattering functions. 
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Fic. 7. Paramagnetic scattering cross section of Ce in CeCe. 
The solid curves are calculated for screened hydrogen radial wave 
function with Z— S=19 (most probable value), Z— S=16 (pos- 
sible minimum value) and Z—.S=22 (possible maximum value). 


YbC». The effective nuclear charges for the 4f electrons 
as determined by comparison between the observed and 
calculated values are 19 for Ce*+, 22 for Tb**, and 27 
for Yb**. The maximum and minimum possible values 
of (Z—S) are also shown in Figs. 7-9. The relative 
accuracy in the paramagnetic analysis is proportional 
to the magnitude of the paramagnetic scattering. Hence, 
the TbC, data provide good accuracy in its interpreta- 
tion, that is, the observed values are in accordance with 
those for the free ion but failed to reveal the crystalline- 
field effects on the 4f energy levels.® 
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TABLE IV. Tetragonal lattice constants, @ and c, interatomic distances and their standard deviations o in A. 








TbC. 





_c) 
C—M* 
o(C—M) 
C—4M’ > 
o(C—4M’) 





6.109 
0.015 
1.287 
0.010 
2.411 
0.007 
2.651 
0.004 








* Metal atom at (000). 
> Metal atom at (444). 


The effective Bohr magneton numbers (urs) of the 
free ions are 2.54, 9.72, and 4.54 for Ce*+, Tb**, and 
Yb**, respectively. Recently, Vickery ef al.” obtained 
2.19 for CeCs, 9.57 for TbC2, and 3.69 for YbC2, from 
the magnetic measurement. All of their values are con- 
siderably smaller than- the free-ion values and they 
interpreted the discrepancy as due to the partial 
quenching of the orbital angular momentum. The neu- 
tron values are 2.54+0.07 for CeCe, 9.70.2 for TbC., 
and 4.5+0.2 for YbC, and are not completely in agree- 
ment with those reported by Vickery, ef al.” Since the 
statistical error in the neutron-paramagnetic determin- 
ation for YbC2 is considerably large, P. E. Roughan 
and A. H. Daane of the A.E.C. Ames laboratory have 
recently carried out the magnetic measurement on 
YbCz2 and obtained perp=4.14, C=2.12 emu/mol, and 
A=—532°K in the Curie-Weiss formula, x= C/(T— 
A), with the molecular susceptibility x= 2.5410 
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lic. 9. Paramagnetic scattering cross section of Yb in YbCo. 


~ 2R. C. Vicker y, IK. 


Sedlacek, and A. Ruben, J. Chem. Soc. 
1959, 503. 


emu/mol at 304°K. The value, yers= 4.14, may be inter- 
preted as 83% Yb** and 17% Ybt? for Yb in YbCo. 
Since the graphite impurity is rather common in all 
metallic dicarbides and since graphite is strongly 
diagmagnetic,*:** the values reported by Vickery et al. 
must be in error, unless the impurity susceptibility was 
properly subtracted from the total value. It should be 
noted that the temperature dependency of the suscepti- 
bility of graphite can be closely approximated by a 
Curie-Weiss-like formula for the temperature range 
which Vickery et al. studied. Hence, the apparent sus- 
ceptibility of the dicarbide with the graphite impurity 
can also be approximated by the Curie-Weiss law. In 
summary, it is concluded that the rare-earth atoms in 
their dicarbides are in the trivalent Hund ground state, 
except Yb in YbC., and possibly Eu in EuC». 
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2H. T. Pinnick and P. Kiive, Phys. Rev. 102, 58 (1956). 
2K. S, Drishnan and N. Ganguli, Z. Krist. A100, 530 (1939). 
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DISCUSSION 


The interatomic distances and their standard devia- 
tions listed in Table IV were computed from the 
weighted averages of the carbon parameters in Table I 
and the reported lattice constants.” The uncertainties 
in the lattice constants have been included in the stand- 
ard deviations for the calculated distances. 

The C-C distances in the C2 groups in the rare-earth 
dicarbides are insignificantly different from their 
weighted average value of 1.278 A. In particular, the 
C-C distance in YbC2 revealed no substantial effect 
due to a possible anomalous valence of Yb in this 
compound. No significant changes were observed in the 
refined C-C distances in CaC, and UC, from those 
reported previously.° 

However, other interatomic distances in the rare- 
earth dicarbides show unusual features. Pauling’s 
bond numbers” for the carbon-metal and metal-metal 
bonds in these dicarbides increase roughly with the 
atomic number of the metal atom: 0.5 (C-—La) to 
0.9(C-Lu) for the closest carbon-metal distances 
(C-M); 0.2 to 0.35 for the next closest carbon-metal 
distances (C-4M’); 0.1 to 0.2 for the closest metal- 
metal distances which are equal to the a lattice con- 
stants; 3 to 5 and 3.5 to 4.5, respectively, for the total 
bond numbers of the carbon and metal atoms. The bond 
numbers for YC» fall between Ho and Lu, indicating 
that Y in YC: behaves as a heavy lanthanide. The 
bond numbers for UC; have been discussed in our previ- 
ous paper.® 

If the divalent single-bond radius, R(1) =1.706 A,* 
is assigned for Yb in YbC2, unusually large total bond 
numbers 5.5 and 8.3 are obtained for C and Yb, respec- 
tively. On the other hand, the trivalent Yb radius, 
R(1)=1.558 A, and R(1)=1.588 A* for Yb with 
valency 2.8, deduce the total bond numbers for (C, 
Yb), respectively, (4.1, 4.3) and (4.3, 4.9), both of 
which are conformable to the values obtained for other 
rare-earth dicarbides. It may also be noted that the 
closest metal-metal distances in the rare-earth dicar- 
bides are 2 to 6% longer than the closest interatomic 
distances in the metals, except for the case of YbC2, 
where the closest Yb-Yb distance is 6.7% shorter than 
the closest distance in the Yb metal. The metal atoms 
in the rare-earth metals under consideration are tri- 
valent, except for Yb in the Yb metal which is divalent 
(cf. Fig. 10). These results support, although in- 
directly, the magnetic and neutron data that Yb in 
YbC> is approximately in the trivalent state. Further 
discussions on the valency and metallic bonds in the 
metal carbides will be presented soon.” 

The effective nuclear charges for the 4f electrons of 


% 1, Pauling, The Nature of the Chemical Bond (Cornell Uni- 
versity Press, Ithaca, New York, 1960), 3rd ed. 

26M. Atoji (to be published). 

27 J. M. Lock, Proc. Phys. Soc. (London) B70, 476 (1957). 
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Fic. 11. The effective nuclear charge for the 4f electrons in 
rare earth elements. See reference 30 for (1), reference 28 for 
(2), reference 29 for (3) and references 19 and 31 for (4). 


the rare-earth elements obtained from the various 
methods are summarized in Fig. 11. Pauling’s values 
were calculated using his size screening constants.” 
Slater’s values” are equal to (Z—S)n/n*, where the 
Slater rule was used for obtaining the screening con- 
stant S, m is the principal quantum number and n* 
is Slater’s empirical value 3.7. Klinkenberg’s values® 
were deduced from various experimental constants for 
the spectroscopic multiplet structures. Van Vleck” 
has obtained S=34 from the experimental magnetic 
susceptibilities. The neutron data include those re- 
ported by Koehler ef al.!:3! 

As Hartree® has pointed out, the screening constants 
may vary considerably with the property chosen to 
define it, especially those for outer electrons. However, 
a large spread of the (Z— S) values are shown in Fig. 11 
is rather unexpected for the 4f electrons. Further studies 
on this subject will be published shortly. 
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Neutron-Diffraction Studies of La.C;, Ce.C;, Pr.C;, and Tb.C;7 
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The neutron diffraction data of the rare-earth sesquicarbides with the Pu2C;-type structure (D5, type), 
LasC;, CesC;, PreC;, and TbeC;, were analyzed using the complete-matrix least-squares method. These 
sesquicarbides contain the Cz groups with the C—C distances, 1.236+0.009, 1.276+0.005, 1.239+-0.003, 
and 1.240+0.005 A, respectively, for LazC;, CezC;, PreC;, and TbeC;. These values are, except for Ce2C;, 
significantly longer than the C—C distance in CaC2, 1.191 A, but are shorter than the average C—C dis- 


tance in the rare-earth dicarbides, 1.278 A. 


The paramagnetic scattering analyses show that all metal atoms in these sesquicarbides are in their tri- 
valent Hund ground state, except Ce in CesC;, whose possible valency is about 3.4. The screening constants 
for the 4f hydrogenic radial wave functions of Pr and Tb as determined from the diffuse scattering analyses 
of their sesquicarbides are 40 and 43, respectively. The valency and metallic bonds in these sesquicarbides 


are briefly discussed. 





INTRODUCTION 


HE rare-earth sesquicarbide M,C; with the cubic 
body-centered Pu2C;-type structure (D5, type) 
has been found to exist in all of the rare earths, from 
M=La to Ho, except for M= Eu and Pm.! The previous 
x-ray and neutron-diffraction studies of LagC; have 
shown that La2C; contains the C2 groups with the C-C 
distance of 1.32+0.03 A. The neutron data of LasC3 
have been re-examined and refined by the least-squares 
method. The present results require some amendments 
to our previous discussion on the structure of La2C;. 
In addition to La,C;, the rare-earth sesquicarbides 
with relatively small neutron total cross sections, CezC;, 
ProC3, and TbeC;, were chosen for the neutron structure 
analyses as a part of our metal carbides program. In 
particular, the lattice constant of Ce,C; has been found 
to be smaller than expected for the pure trivalent Ce 
atom.! The results of the least-squares refinement on 
the neutron data of U.C; reported by Austin’ are also 
given. The paramagnetic scattering analyses were 


+ Based on work performed under the auspices of the U. S. 
Atomic Energy Commission. 

1F, H. Spedding, K. Gschneider, Jr., and A. H. Daane, J. Am. 
Chem. Soc. 80, 4499 (1958). 

2M. Atoji, K. Gschneider, Jr., A. H. Daane, R. E. Rundle, 
and F. H. Spedding, J. Am. Chem. Soc. 80, 1804 (1958). 

3A. E. Austin, Acta Cryst. 12, 159 (1959). 


carried out for CesC;, ProC3, and Tb2C;. The statistical 
errors in this paper are expressed in terms of the 
standard deviation. 


EXPERIMENTAL 


The rare-earth sesquicarbides selected for the present 
study were prepared by arc melting the stoichiometric 
mixtures of rare-earth metals, 99.9% pure, and spec- 
troscopic graphite electrode under an inert atmosphere.! 
The powder neutron-diffraction data were obtained at 
293+3°K with the neutron wave length, A=1.055+ 
0.002 A, using the diffractometer at the Oak Ridge 
National Laboratory. Other details of the diffraction 
techniques have been fully described in the preceding 
paper. The Laz,C; data were taken at the Argonne 
National Laboratory with the wavelength of \= 1.2774 
0.002 A. 

In all of our sesquicarbide samples, a considerable 
amount of dicarbide impurity was noted. Since the 
preparation of pure sesquicarbides is prohibitively 
laborious, impure samples were used for this study and 
careful chemical, emission-spectroscopic, x-ray, and 
neutron analyses were carried out to determine the 
impurity contents with at least two-place accuracy. 
The results in weight % are: 6.6% CeC: and 0.55% 


4M. Atoji, J. Chem. Phys. 35, 1950 (1961) (preceding article). 
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graphite in CesC3; 12.4% PrC. in PreC3; 12.5% TbCe 
in TbeC;. No other impurities were found within the 
maximum detectable limits of 0.05% and 0.1% for 
metallic and nonmetallic impurities, respectively. As an 
example of the peak profile analysis on the neutron 
diffraction pattern,’ the least-squares separation of the 
Ce2C; peaks, (400) and (321), and the CeC.2 impurity 
peak, (112), is illustrated in Fig. 1. The best values 
for the impurity contents were obtained in this manner. 
In some regions of the diffraction patterns, several 
different schemes for separating overlapped peaks were 
applied. Using additional Soller collimators, diffraction 
patterns with higher resolution were also obtained. 
They showed larger counting statistical errors but 
supplied supplementary information to the intensity 
analyses. The resultant variances in the least-squares 
peak analysis are very sensitive to small errors in the 
assigned Bragg angles and increase almost exponentially 
with the degree of peak overlapping. Hence, the least- 
squares peak separation was not very successful at large 
scattering angles, where uncertainties in the peak 
widths were also large. As in the cases of the dicarbides, 
the Wilson method® was extensively utilized for deter- 
mining the incoherent background at high angles. The 
intensities were standardized against the nickel-powder 
diffraction data but the scale factors were refined by 
the least-squares method as described in the following 
section. No coherent magnetic scattering was observed 
from La2C3, CesCs, PreC3, or TbeC; at room temperature. 


LEAST-SQUARES REFINEMENTS 


The rare-earth sesquicarbides studied here belong to 
space group 74°—J43d with eight chemical formulas 
per unit cell. The metal and carbon atoms occupy the 
16(c) (xxx) and 24(d) (y, 0, 4) positions, respectively.® 
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I'1c. 1, Example of separation of the overlapped and impurity 
peaks by the least-squared method. The CeC2 impurity reflection 
overlapped with the Ce2C; reflections is shown. For details, see 
reference 4. 


5A. J. C. Wilson, Nature 150, 152 (1942). 
8 International Tables for X-ray Crystallography (The Kynoch 
Press, Birmingham, England, 1952), Vol. 1. 
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TABLE I. Metal parameters, x; carbon parameters, y; tempera- 
ture factor coefficients, B in A?; percentage standard deviations 
for scale factors, ck/k in %; and agreement factors, Rand R;in %. 
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Four variables, the scale factor K, the positional param- 
eters x and y, and the temperature factor coefficient 
B in exp[—2B(sin@/d)* | were refined using the IBM 
650 complete-matrix least-squares programs similar to 
the one employed for the dicarbide structures.* For 
reasons described in the preceding section, the diffrac- 
tion intensities at low scattering angles were used for 
the least-squares analyses. The scattering amplitudes 
employed are 0.832, 0.482,‘ 0.437,’ 0.756,* and 0.662,’ 
all in 10-" cm, for La, Ce, Pr, Tb, and C, respectively. 
Because of the experimental conditions employed and 
because of the uncertainty involved in the impurity 
contents during the earlier stages of the refinements, 
accurate correlations among the scale factors obtained 
by comparing with the nickel pattern were not obtain- 
able. Therefore, the refinements were carried out using 
at least four sets of intensity data for each compound 
rather than using a single set composed of average 
intensities. The statistical averages of the final param- 
eters are listed in Table I, except for the percentage 
standard deviation for the scale factor ck/k in % for 
which the arithmetical means are given. The adjusted 
observed intensities obtained using the individual final 
scale factors were compared with the values calculated 
from the average final parameters in Table Il. The 
agreement factors in Table I, R and R; as defined in 
the preceding paper,‘ are based on the data in Table II, 
(a) to (d). The calculated values in Table II are equal 
to 


jF? exp[ —2B(sin@/d)* ] 


sin@ sin26 





in 10-4 cm?. 


The least-squares refinement on the U:C;3 data 
(Austin’s Table 2)* yielded K=1.2+0.3, B=1.4+1.9 
A’, x=0.0519+0.0037, y=0.292+0.011, R;=0.21, and 
the C-C distance, 1.34+0.17 A. Austin’s values are 
x=0.050+0.003, y=0.295+0.0025, and the C-C dis- 


7D. J. Hughes and R. B. Schwartz, Neutron Cross Sections 
(U. S. Government Printing Office, Washington, D. C., 1958). 
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Observed and calculated neutron diffraction intensities. 
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(a) La,C; (A=1.277 A) 
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Indices 
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2637} 


tance, 1.30+0.04 A. These values possess too large 
variances to bear detailed structural discussion. 

The standard deviations for the positional parameters 
are satisfactorily small, but those for the B values are 
rather large. Nevertheless, it can be said that the B 
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values for the sesquicarbides excluding CesC3 are in 
general significantly larger than those for the dicarbides. 
The B value for CesC; is small relative to the others. 
This seems reasonable, since the Ce2C; crystal possesses 
a higher density (p=6.97 g/cm*) than the value (6.36 
g/cm‘) interpolated from the densities of the other rare- 
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Fic. 2. Diffuse scattering by Ce.C;. The paramagnetic scatter- 
ing is obtained by substracting the incoherent nuclear and 
multiple scattering and the thermal diffuse scattering from 
the observed total diffuse scattering. The maximum errors in 
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0.2813Z—9.955 (Z=atomic number of 
with the maximum error of about 0.4%. 


metal atom) 


PARAMAGNETIC SCATTERING 


The diffuse scattering of rare-earth sesquicarbides 
was interpreted using the techniques employed previ- 
ously.*>.* The multiple incoherent scattering is largely 
dependent on the sizes of the coherent scattering 
domains. However, no significant differences among 
the peak widths of the sesquicarbides, dicarbides, and 
graphite in their main and impurity states were found. 
Therefore, the subtraction of the impurity scattering 
was carried out assuming the additivity of the main 
and impurity incoherent scatterings. 
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Fic. 5. Paramagnetic scattering cross section of Pr in PreCs. 
The solid curves are calculated for the screened 4f hydrogen 
radial wave function with Z—S=19 (most probable value), 
Z—S=16 (possible minimum value) and Z—S=22 (possible 
maximum value). 


8G. T. Trammell, Phys. Rev. 92, 1387](1953). 
®W. C. Koehler andjE. O. Wollan, Phys. Rev. 92, 1380 (1953). 
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No paramagnetic scattering was detected from LavC;. 
Accordingly, it can reasonably be concluded that the 
La,C; crystal is composed of the diamagnetic ions, 
La** (1S) and C.= in its ground state.'® The expected 
paramagnetism associated with the conduction electrons 
in LayC; is, of course, too small to be detected. The 
observed diffuse scattering of CesC; is shown 1n Fig. 2. 
The resultant paramagnetic differential cross section 
per Ce atom and the theoretical values for Ce* 
(4f?Fs) with the effective nuclear charge for the 4f 
electrons, (Z—S) =19,* are shown in Fig. 3. The para- 
magnetic differential cross section at (sin@/A)=0 is 


given by*? 
da /dw- 


2 (ey /2mC?) (pet¢)2= 0.04829 ( pers)? b/sr. 


The experimental do/dw value at the zero scattering 
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Fic. 7, Paramagnetic scattering cross section of Tb in TbeC3. 
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10M. Atoji and R. C. Medrud, J. Chem. Phys. 31, 332 (1959). 





STRUCTURE OF Da:G;, 
angle, 0.20+0.03 b/sr/Ce atom, corresponds to the 
effective Bohr magnetcon numbers, perp= 2.04+0.15 
for Ce in CeoC;, while wers= 2.54 for Cet*(4f ?F'52). The 
observed pers Value may be interpreted as 64+10% 
Cet’ and 36+6% Cet (1So) for CesC3. Although the 
experimental standard deviations are large, it can be 
concluded that Ce in Ce2C; is definitely not in the pure 
trivalent Hund ground state. The interpretation given 
to the paramagnetic diffuse scattering of Pr.C; and 
TbeC; is shown in Figs. 4 and 5 and Figs. 6 and 7, 
respectively. The observed differential cross sections at 
(siné/A) =0 are in good agreement with the calculated 
values for Prt*(4f?*H,) and Tbt*(4f*7Fs). The effec- 
tive nuclear charges (Z—S) for the 4f hydrogenic radial 
wave function as deduced from the PreC; and TheC; data 
are 19 and 22 for Pr and Tb, respectively, the latter of 
which is identical to the value deduced from the TbC, 
data.4 
DISCUSSION 


In Table III, the lattice constants, the interatomic 
distances and their standard deviations o of LasCs, 
CesC3, ProC3, and TbheC; are given (see also Fig. 8). The 


TABLE III. Cubic lattice constants a interatomic distances 
less than 4.2 A and their standard deviations o in A (cf. Fig. 8). 
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® The lattice constants of PreCs and TboCs are the average values of their 
carbon-rich and metal-rich lattice constants.! The lattice constants of LazCs 
and CesCs are those for the ideal composition.!?, 

b These values include uncertainty in the lattice constants due to possible 
deviations from the ideal composition. 
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Fic. 8. The projection of the M2C; structure along the Z axis. 
The double circles represent the metal atoms and the filled circles 
represent the C2 groups. The z parameters for the carbon atoms 
are shown in brackets. For the perspective figures, see reference 2. 


standard deviations for the lattice constants have been 
included in the o’s for the interatomic distances. The 
difference between the refined and previously reported 
C—C bond distances in LazC3, respectively, 1.236+ 
0,009 and 1.32+0.03 A, is probably significant. Differ- 
ences among the C—C bond distances in LazCs, 
ProC3, and TbeC; are not significant. The generaliza- 
tion of this result, that all PusC;-type rare-earth 
sesquicarbides, except CesC;, possess the C—C dis- 
tance of 1.238 A (the average of presently deter- 
mined values), is quite plausible. The value, 1.238 A 
is significantly longer than the C-C distance in CaC., 
1.191+0.009 A* and shorter than the average C-—C 
distance in the rare-earth dicarbides, 1.278 A. The 
C-C distance in CesC;, 1.276+0.005 A is significantly 
different from the C-C distances in other rare-earth 
sesquicarbides, but is insignificantly different from 
those in the rare-earth dicarbides.4 All C-C distances 
in the sesquicarbides and dicarbides are significantly 
different from the C-C distance in UC2, 1.340+ 
0.007 A.4 The C-C distances between the C2 groups in 
Table III, Co-++4Ci, are slightly longer than those in 
the dicarbides, 3.416, 3.371, and 3.179 A, respectively, 
for LaC2, CeCo, and TbCe. Both Cos + +4C; and Co + *4C2 
distances are too long to expect any appreciable chemi- 
cal bonding. 

The closest carbon-metal distances C-2M in the 
sesquicarbides are approximately equal to C-M in 
the dicarbides and, C-2M’ and C-2M” in the sesqui- 
carbides to C-4M’ in the dicarbides.* The shortest 
M-M distances in the sesquicarbides, Mo—3M; are 





1966 M. ATOJI 
nearly 10% shorter than the shortest M—M distances 
in the dicarbides, which are equal to their a lattice con- 
stants. The Mp—2M2 and Mc—6Ms3 distances do not 
differ greatly from the shortest M-—M distances in 
the dicarbides. The next shortest M-M distances 
in the dicarbides are 4.306, 4.217, and 4.058 A, respec- 
tively for M=La, Pr, and Tb. In conclusion, these sur- 
veys of the M-M distances show clearly the stronger 
metal-metal interactions in the sesquicarbides than in 
the dicarbides. The interatomic distances in Ce2Cs, par- 
ticularly the Ce-Ce distances are markedly smaller 
than the expected values for Ce2C; with the pure tri- 
valent Ce atoms. This is in accordance with the result 
obtained from the paramagnetic scattering analysis. 
Although Pauling’s semiempirical formula" for the 
resonating valency bonds in metals is in general not 
satisfactorily applicable to the metal-nonmetal al- 
loys,‘'”-8 for comparative purpose the Pauling bond 
numbers for the sesquicarbides are discussed here with 
those for the dicarbides. As in the cases of the dicarbides, 
the total bond numbers of both metal and carbon atoms 
in the sesquicarbides increase, roughly, in proportion to 
the atomic number of the metal atom. The total bond 
numbers for the metal atoms are: 4.4 for La in La2C;; 
3.3 for La in LaC2; 5.8 for Tb in TbeC;; 4.3 for Tb in 
TbC.2. These figures support the previous conclusion 
that the metal-metal bonds in the sesquicarbides are 


considerably stronger than those in the dicarbides. 


The bond numbers for the carbon atoms and other 


QL, Pauling, The Nature of the Chemical Bond (Cornell Uni- 
versity Press, Ithaca, New York, 1960), 3rd ed. 

2. Kiessling, Acta Chem. Scand. 4, 209 (1950). 

13M. Atoji (to be published). 
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detailed discussions on these structures will be reported 
separately. 

In the metal sesquicarbides with the trivalent metal 
atoms, the number of delocalizing electrons are two per 
chemical formula or 3 per C2 group, while the metal 
dicarbides with the trivalent metal atom possess one 
delocalizing electron per C2 group. If the C2 antibond- 
ing orbital (2,2p)" is equally participating in forming 
the lowest conduction bands of the sesquicarbides and 
the dicarbides, the C—C bond distances in the sesqui- 
carbides should be longer than those in the dicarbides, 
in contradiction to the experimental results. Hence, 
the C.—2,2 contribution to the conduction bands must 
be smaller in the sesquicarbides than in the dicarbides. 
In other words, the conduction electrons in the sesqui- 
carbides are associated with the metal orbitals with a 
higher order than those in the dicarbides. The inter- 
atomic distances support this aspect. In CesC;, more 
electrons occupy the C2 antibonding orbitals than in 
other sesquicarbides. The observed C-—C distance in 
CesC; seems in agreement with this interpretation. 
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The LCAO MO SCF method, both in the single-configuration and a limited configuration interaction 
approximation, has been utilized to evaluate the potential curve of the ground state of Hz; wave functions 
and total molecular energies are presented for a wide range of the internuclear distance (1.0 a.u.< R¢ 18.0 
a.u.). These solutions were then used to construct potential curves for the ground states of the molecular 
ions H,* and H2~ and for the lower-lying excited states of the neutral molecule. Results of vibration-rotation 
analyses for the stable states are presented. The results for a population analysis of the single-configuration 
ground-state function over the whole range of R are given, and compared to similar results for Hes. 


INTRODUCTION 


N the spirit of the earlier papers in this series,’ 

attention was given to the usefulness of the 
LCAO MO SCF approximation? in calculating inter- 
action curves for He and Hee over the full range of 
atomic interaction. Simple two- and four-electron 
closed-shell systems have been chosen because of their 
simplicity and because of the availability of extensive 
experimental and theoretical data for checking pur- 
poses. Results of calculations on Hy are reported and 
discussed in this paper. Work on Hez has been reported 
elsewhere. 


GENERAL THEORY 


Molecular orbitals (MO’s) and single-determinant 
functions were constructed in the usual manner, using 
1s, 2s, and 2po Slater-type atomic orbitals (STO’s). A 
limited ¢ variation was employed, i.e., all ¢’s were kept 
equal and the single parameter [= [1s={26= {ope varied 
in a separate calculation [this restriction was lifted in 
a separate calculation at the equilibrium internuclear 
(R,) distance in order to get an idea of the importance 
of the free ¢ variation]. The equal-{ restriction was 
imposed for reasons of economy; consequently these 
results are to be regarded as a good first approximation 
to what should be possible given high-speed programs 
and sufficient computing time. 

Once ground-state LCAO MO’s and their correspond- 
ing orbital energies (e’s) have been obtained, it is possi- 
ble to approximate excited states of the neutral molecule 
by filling the virtual MO’s in the proper manner to 
obtain the correct term designation. Also the ground 
states of singly charged (positive or negative) molecular 

* This work was assisted by the National Science Foundation 
and by the Office of Ordnance Research and the University of 
Chicago. 

1See B. J. Ransil, Revs. Modern Phys. 32, 239, 245 (1960), 
parts I and II of this series, for definitions, conventions and 
notation. 

2C. C. J. Roothaan, Revs. Modern Phys. 23, 69 (1951). 

3The results for He, have already been presented by B. J. 
Ransil, J. Chem. Phys. 34, 2109 (1961); results for He:* * will 
appear later. 


ions can be approximated by subtraction or addition 
of appropriate orbital energies. Such an approximation 
for the ionized states is possible only with single- 
determinant functions where the orbital energy is clearly 
defined. Configuration interaction scrambles the MO’s 
in a complicated manner and consequently the term 
“orbital energy” (as defined in the single configuration 
scheme) loses its heretofore precise meaning when taken 
in the context of configuration interaction. Although 
the single-determinant function does not give the 
asymptotic tapering off at large values of the inter- 
nuclear distance R which is expected in the ground-state 
potential curve for H2, the curves for H,* and H»- 
derived from it do. 

Limited configuration interaction (CI) was intro- 
duced in the manner described elsewhere* to obtain the 
correct asymptotic behavior for the ground state. 


DETAILS OF THE CALCULATIONS 


A single-determinant LCAO MO SCF function was 
computed for 16 values of the internuclear distance 
(over the range 1.0 a.u.<R<18.0 a.u.) varying ¢ as 
described for each point. At the equilibrium distance, 
a separate calculation was done permitting independent 
variation of the three orbital exponents. A limited CI 
was then performed using as interacting configurations 
all those which can be obtained from the ground-state 
configuration by excitation of one or two electrons to 
virtual excited MO’s, and from which electronic states 
with the correct symmetry ('Z,*+) can be derived. The 
electron distributions for these configurations are given 
in Table 1° 

Potential curves were calculated for the singly ionized 
molecules H,+ and H2~ and for all those excited states 
which lie lower energetically than the singly charged 
positive ion (or which lie very closely above it), in 
order to obtain an idea of how well the crude ground- 


4S. Fraga and B. J. Ransil, J. Chem. Phys. (to be published). 

5 The derivation of the formulas for the evaluation of the 
energy matrix elements is a straightforward exercise and there- 
fore the formulas not presented here. 
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TABLE I. Electronic distribution of configurations for states 
with 'Z,* symmetry. 


Electron distribution 
MO 


Configuration lo, 20, 2ou 3a, 


3ou 


state virtual orbitals approximate those of lower-lying 
excited states. 

For all those states for which the potential curve 
exhibited a minimum, vibration-rotation analyses were 
made. The curves were fitted about the minima by a 
third-degree polynomial in R, and spectroscopic con- 
stants were calculated by methods discussed in a previ- 
ous publication.® 

Electron population analyses were made of the single- 
determinant ground-state wave function using Mulli- 
ken’s scheme.’ 

The calculations were carried out on a Univac Scien- 
tific 1103 computer. Two separate programs were used, 
one for the single determinant calculations,’ and other 
for the CI calculations; the latter utilized as input data 
the results (atomic integrals, molecular orbital coeffi- 
cients and energies, and total molecular energy) of the 
single-determinant LCAO MO SCF calculations. 


RESULTS AND DISCUSSION 


In discussing these results, care must be taken to 
avoid hasty generalizations to large systems because the 
H, molecule is a special case. Unlike molecular species 
with a large complement of electrons, (1) theoretical 
and experimental values for the energy of the dissocia- 
tion products (two H atoms) coincide; (2) although 
only 96% of the total molecular energy Ep of He is 
obtained by the simple single-configuration calculation 
(as compared to usually 99% or better for larger sys- 
tems), roughly 75% of the dissociation energy D, is 
readily obtained because the binding energy is three to 
four times greater than the calculational error. For all 
other molecules the binding energy is less than the error 
inherent in the calculation. Another way of looking at 
it is that the binding energy for He is relatively insensi- 
tive (compared to all other molecules) to the form of 
approximation: The crudest approximation often gives 


6S. Fraga and B. J. Ransil, J. Chem. Phys. 35, 669 (1961). 
7R. S. Mulliken, J. Chem. Phys. 23, 1833, 1841, 2338, 2345 
(1955). 

§ W. Kolos and C. C. J. Roothaan, Revs. Modern Phys. 32, 219 
(1960). 
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remarkably good results from the standpoint of energy 
criteria. 

The MO coefficients, orbital energies, total molecular 
energies, and ¢ values for the single-determinant ground- 
state calculations are given in Table II. The CI coeffi- 
cients and the total molecular energies obtained in the 
CI treatment of the ground state are listed in Table III. 

The best results obtained in the present calculations 
at the equilibrium distance are compared in Table IV 
with recent calculations by Kolos and Roothaan,’ and 
by Weiss, Yoshimine, and McLean.’ It is significant 
that the single-configuration LCAO MO SCF calcula- 
tion, using 1s, 2s, and 2p0 STO’s with full ¢ variation, 
yields a total energy differing from the Kolos-Roothaan 
accurate analytical Hartree-Fock value by only 0.004 
ev. From the standpoint of energy at least it would 
therefore appear that this relatively simple function is 
a very good representation of the much more complex 
Kolos-Roothaan function, and of greater value to the 
chemist for purposes of application, calculation and 
interpretation. 

The introduction of CI provides appreciable energy 
improvement, but the result remains poorer by compari- 
son than that obtained by the best direct CI calculation 
of Weiss, Yoshimine, and McLean® (WYM function). 
The difference is due to the fact that in the latter calcu- 
lation 2px STO’s have been included. On the other hand, 
a direct CI function with four configurations, involving 
only o-type orbitals,’ yields poorer results (dissociation 


TABLE Ila. Single- and many-configuration wave functions for 
the ground state 1Z,* of Hz at the experimental equilibrium 
distance (R=1.402 a.u.). 
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®A. D. McLean, A. Weiss, and M. Yoshimine, Revs. Modern 
Phys. 32, 211 (1960). 





STUDIES IN MOLECULAR STRUCTURE. 


TABLE IIb. Single configuration wave functions for Hy. 








€j € 
ci (a.u.) (a.u.) 
11 
1.3024 
1 
1 


3. 
.3288 .3024 
.3288 .3024 
.51796 .52103 .52749 
.01293 =—0.66567 01463 —0.64530 .01603 —().62626 .01729 — (0.60847 
.03933 .03996 .04039 .04066 


538 
538 
538 


Py 4. 


Ci 
3 
Ey. 
2 
2 
5 


mn te hme RK bh 


weelto .12358 .08418 .05137 
.49989 0.42328 .46790 0.38676 .43969 IX 41436 
. 23960 .23322 .22683 ~Q.22041 


.06308 .06923 .07518 .O8088 
.47350 0.81041 40931 0.773061 .46503 . 73933 —0 .46063 0.70792 
.41789 43542 ° .45082 .46462 


. 14382 3.43040 2.89746 2.48686 
.50600 2.68772 30510 2.40662 .15825 . 16828 .04763 1.96546 
. 28000 . 16709 .07830 .00708 


.45944 .45470 .44967 .44440 
.37746 7717 —().38780 1.67852 —0.39763 . 59086 —(0.40704 1.50945 
.37822 —1. —1.16620 —1.08221 


. 18976 7953 16837 .70329 
58052 4.64851 525: 4.30674 3.55566 4.00085 .27542 3.72780 
8.72453 133 7 .61833 5.88086 
—1.0827 38471 —1.1083 33685 —1.1231 39556 —1.1303 36615 


4 “3 6 8 
.2313 . 2098 . 1894 . 1502 
.2313 .2098 . 1894 . 1502 
2313 . 2098 . 1894 1502 

. 53086 .53429 .53779 .54490 
.01823 59184 .O1891 —0.57627 .01939 56169 .01928 
.04082 .04089 .04088 .04078 


.02370 .00002 ).97950 .9457 
.39127 29305 36995 0.26712 ).35006 242: 3135 
21403 .20770 —0.20142 -0.18926 


2 
3 0.19805 


.08635 .09159 —(0.09657 10583 
45616 .67839 -45169 0.65067 —0.44718 62487 43853 
.47679 .48759 0.49730 .51321 


.16291 -90180 1.68742 .35763 
03807 . 79035 10598 1.63825 . —0.16076 505 24392 1.28416 
.94874 -90022 0.85943 79425 


43890 43321 0.42734 41517 
-41592 , 42430 1.36050 —0.43226 29298 44653 
-00925 -94513 —0.88807 —0.79240 


=-—¢ -06059 -99974 10.35838 7.97160 

3ou Co= — Ces .29149 3.48109 51817 3.25774 4.89739 3.0553 2.98382 2.69986 
3= — Cee 28350 .79124 4.36868 3.73732 

—1.1321 11030 —1.1299 98169 —1.1250 95657 —1.1098 95404 


E M (a.u.) 








1970 


tf 
2.0 
1.1150 


0.01866 —0.51182 
0.04048 


0.91866 

0.28039 0.15948 
—0.17735 
—0.11413 
—0.42975 


0.52651 


1.11632 
—0.30272 1.11118 
0.74553 


0.40246 
—0.45954 1.05854 
—0.71321 
6.31889 
3.34084 2.40459 
3.25498 
—1.0906 85746 


5.0 
0.8691 
0.8691 
0.8691 
0.64966 
—0.00270 —0.34450 
0.03232 


0.74913 
0.02190 —0.09809 
—0.05806 


—0.17565 
—0.17453 0.27613 
0.63603 


0.14283 
—0.46013 0.36944 
0.57132 
0.16621 
—0.62406 0.39150 
-0.08199 
0.69654 
0.97008 0.77560 
1.03121 


—0.85727 69471 
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Table IIb (continued) 


€j 
Ci (a.u.) 


.0383 

.0383 

.0383 

.57040 

.01398 —0.46415 
.03942 


. 86861 
. 20763 0.08217 
. 14979 


13117 


40854 0.44925 


. 55048 


. 72630 
39396 0.81099 
.66451 


.36899 
.48662 0.83664 
.56617 


.91016 
.37708 1.84625 
2.46709 


—1.0379 93067 


0 
8485 


.8485 


8485 
.67092 
00450 —0.32170 


.02943 


. 73099 
.00146 —0.12746 
.03963 


. 15998 
.02764 0.24653 
.63186 


.08701 
.43854 0.33031 
.57986 
.09132 
.65146 0.34620 
.08020 
.38732 
.81763 0.62138 
.80609 


—0.82199 36576 


Cip 

3.0 
0.9804 
0.9804 
0.9804 
0.58839 
0.00867 
0.03799 


0.83191 
0.14761 
—0.12505 


—0.14450 
—0.38383 
0.57030 


0.49674 
—0.43986 
0.61867 


0.33315 
—0.51159 
—0.45569 

2.61701 

1.83729 
1.97624 


—0.98848 08822 


12.0 
0.8412 
0.8412 
0.8412 
0.70633 

—(.00096 
0.00836 


0.70766 
—0.00221 
—0.00615 


—0.01543 
0.07241 
0.68979 


0.01141 
—0.09920 
0.70900 


0.00350 
—0.69343 
0.09291 


0.01054 


0.71132 
0.12207 


Cip 

4.0 
0.9079 
0.9079 
0.9079 
0.64160 

—0.42792 0.01270 
0.03499 


0.78033 

0.02519 0.06526 
—0.08537 

—0.16560 

0.38968 —0.30572 
0.60943 

0.25434 

0.63189 —0.46745 
0.57895 

0.25355 

0.67916 —0.56753 
—0.26834 


1.30150 
1.47219 1.25675 
1.37882 


. 26642 


28183 


0.36704 


—0.75419 57931 


—0.37738 


—0.05138 


0.31845 


0.44994 


0.48853 


1.02525 


—0.91033 48970 
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R (a.u.) 1.0 Til iP 


Xt: 1s 
Conf. 2s 
Coeff. \2¢ 


1.3288 
1.3288 
1.3288 


.3024 1. 
3024 1. 
3024 Ve 


MOLECULAR STRUCTURE. VI 


1.3 1.4 


.2313 
2313 
2313 


1.2098 
1.2098 
1.2098 


1.1894 
1.1894 
1.1894 


1.1502 
1.1502 
1.1502 





0.99543 .99492 
—0.06155 
—0.05620 
—0.02379 
—0.01057 .01108 
—0.00167 .00237 
0.03726 .04125 
—0.00197 -00211 
0.00588 .00613 
0.00164 .00159 
—0.00196 .00173 
—0.00738 .00846 


Egy (a.u.) —1.10374 . 13004 





R (a.u.) 0 a 3.0 


o: 1150 
. 1150 


1150 


.0383 
0383 
.0383 


Conf. 
Coeff. > 


.98371 .96795 


14393 21292 


.04604 .04062 


.03773 .04024 


-01440 .01407 


-00406 -00443 


-08450 11127 


0.00433 .00635 


IX —0.00462 .00201 


X —0.00197 .00232 


XI —0.00081 .00243 


XII —0.02541 04251 


Ecy (a.u.) -1.12426 —1.08333 


energy of 4.2652 ev) compared to our CI treatment 
(4.3315 ev), but it would be expected that the inclusion 
of more configurations, involving only o-type orbitals, 
would bring the necessary energy improvements. Such 
comparison effectively demonstrates the importance of 


0.99432 
.06688 —0.07278 
-05425 
.02732 
.01158 
.00286 
.04544 
0.00226 —0.00258 
—0.00627 0.00934 
0.00159 0.00191 
—0.00148 —0.00858 
0.00967 —0.00737 
—1.14567  —1.15035 


.9804 0.9079 0.8691 
9804 0.9079 0.8691 
.9804 0.9079 0.8691 


-94086 0.85633 0.77550 
.29898 —0.47597 —0.59160 
.03479 —0.02350 —0.01456 
.03890 —0.02894 —0.01930 
.01130 0.00059 0.01195 
.00440 —0.00333 —0.00238 
13464 
.00941 
.00073 
.00292 
.00311 
.06552 


—1.04988 —1.01363 —1.00278 


0.99279 0.99275 0.99175 0.99058 0.98764 


—0.08025 —0.08644 —0.09423 —0.10272 —0.12177 


—0.07037 —0.05222 —0.05120 —0.05017 —0.04812 


0.01310 —0.03052 —0.03198 —0.03334 —0.03580 


—0.01327 —0.01252 —0.01295 —0.01334 —0.01399 


—0.00325 —0.00329 —0.00344 —0.00357 —0.00383 


0.04898 —0.05432 0.05902 0.06386 —0.07401 


—0.00267 —0.00291 0.00316 0.00370 


0.00629 —0.00617 0.00599 0.00541 


—0.00167 0.00172 —0.00177 0.00186 


—0.00096 —0.00069 —0.00041 0.00019 


—0.01252 0.01419 —0.01602 —0.02029 


—1.15661 —1.15567 —1.15207 —1.13988 





4.0 5.0 6.0 12.0 
0.8485 
0.8485 
0.8485 


0.8412 
0.8412 
0.8412 


0.72715 





0.68961 


—0.64770 —0.69029 


—0.00661 —0.00016 


—0.01341 0.00001 


0.01606 0.01704 


—0.00270 —0.01570 


—0.15689 0.15170 0.13792 —0.03326 


0.02022 0.03712 —0.05748 —0.14746 


—0.00252 0.00347 0.01112 0.00517 


0.00499 —0.00751 0.00972 —0.00520 


0.00616 0.03510 —0.06742 —0.03190 


0.11687 0.14892. —0.15541 —0.15321 


—1.00015 —0.99936 


configurations involving MO’s of higher angular 
momentum than those occupied in the ground state. 

To evaluate the individual merits of the different 
improvements introduced in our best wave function 
(extended basis set, full ¢ variation and CI), the results 
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TABLE IV. Evaluated total molecular and dissociation energies of Hz at the equilibrium separation. 


R (a.u.) 


Authors and references 


1.402 


S. Fraga and B. J. Ransil 
This paper 


W . Kolos and (. ss J. Roothaan’ 1 .400 


S. Fraga and B. J. Ransil 1.402 


This paper 
\. D. McLean, A 


Yoshimine’ 


Weiss and M. 1.400 


W. Kolos and C. C. J. Roothaan® 1.4009 


Experimental 1.40068 


® G. Herzberg and L. L. Howe, Can. J. Phys. 37, 636 (1959). 


of separate calculations making use of these improve- 
ments are collected in Table V. Inspection of these 
results confirm earlier observations: (1) ¢ variation 
alone, once an adequate basis set is used, does not lead 
to appreciable energy improvement (i.e., to improve- 
ment commensurate with the computational effort 
involved) ; (2) CI, coupled with expansion of the basis 
set and full ¢ variation, appears to be the most promis- 
ing procedure if energy is taken as the criterion for 
judgment of accuracy. 

A similar comparison to the one given in Table IV 
has been made over the whole range of the internuclear 
distance, and the results are presented in Fig. 1 and 
Table VI together with all the other related potential 
curves calculated in this series. 


TABLE V. Evaluated total molecular energies for He» in the 
LCAO MO SCF approximation. 


Total 
molecular 
energy 

a.u.) 


Percentage 
. of observed 
Method and remarks energy 


is STO only 


. Single configuration 
R=1.4a.u.; %.=1.0 


— 1.09092 


1s STO only (¢ varied) 
. Single configuratica 
R=1.4a.u.; f.=1.2 


—1.12804* 


1s, 2s, 2a STO’s (common ¢ varied) 
. Single configuration —1.13211 
R=1.4 a.u.; ¢=1.2313 


1s, 2s, 2p0 STO’s 

(all ¢’s varied independently) 
. Single configuration & 

R=1.402 a.u.; {:s=1.378, 

$2s= 1.176, f2p¢= 1.820 


nd 


Same as case 3 


. 12 configurations 1.15661 


Same as case 4 
12 configurations -1.15919 


® Not completely minimized. 


Ey (a.u.) 


1.133494 


. 159187 
. 16723 


.174448 
. 174443 


Bs - RANSIL 


D (ev) Methods and remarks 


LCAO MO SCF; STO-¢ procedure using 1s, 
2s, 2po STO’s. Single configuration. All 
¢’s varied independently. 


3.6324 


.0360 Nine-term analytical SCF 


shell. 


function; closed 
Same as first case, but using 12 configurations. 


6 4.550: Five-configuration direct CI utilizing 
2po, 2px STO’s. 
4.7407 50-term James-Coolidge type function 


4.74060 .0007'° 


The behavior of the single-configuration LCAO MO 
SCF functions can be qualitatively followed through 
the changes in the coefficients of the ground-state MO. 
At large R(18 a.u.) the 10, MO coefficients are 0.70704, 
0.00006, and 0.00322, respectively, for 1s, 2s, and 2p0 
STO’s. The single determinant energy for the configura- 
tion (10,)? corresponds to an excited state for the dis- 
sociated products involving 1s with a slight admixture 
of 2s and 20 STO’s. As R decreases, and the united 
atom (He) approached, the 2s and 2p¢ coefficients be- 
come the same order of magnitude and decrease slowly, 
whereas the 1s coefficient increases. The common ¢ 


value appears to climb smoothly towards a limiting 








30 


i A. 1 


5 20 25 
R (A) 





Fic. 1, Potential curves for the ground state X !Z,* of He in 
different approximations: (1) Single configuration best limited 
LCAO MO SCF (present calculation); (2) Accurate analytical 
SCF®; (3) Best limited LCAO MO SCF with CI (present calcu- 
lation); (4) Direct CI®; (5) Accurate calculation with James- 
Coolidge type functions.’ 
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S. FRAGA 
TABLE VII. Correlation correction.* 


Correlation correction 


Percentage of total 
correlation energy 


0.018600 
0.020636 
0.022983 
0.025718 
0.028909 
0.032608 


47.23 
51.72 
56.32 
60.96 
65.69 
70.35 


® The correlation correction has been evaluated as the difference between the 
results of the present calculation (with CI; see Table VI) and the values ob- 
tained by Kolos and Roothaan,° with an accurate analytical SCF function. The 
percentage is referred to the total correlation energy as given by those authors, 


value of 1.6875, which would indicate that the single- 
determinant function is going smoothly over to an 
excited state of the He atom involving 1s, 2s, or 1s, 2pa 
STO’s. The exact energy level and functional form 
would have to be determined by a molecular calculation 
in the united atom region although plausible extrapola- 
tion of the coefficients might be made. 

The curves of Fig. 1 demonstrate that qualitatively 
good behavior is obtained over the whole range of R of 
the curve when CLI is superimposed, leading to a correct 
energy for the dissociation products. Nevertheless, the 
approximation used (equal ¢, with the common value 
varied for each point in the single-configuration calcu- 
lation, and CI performed afterwards) does not give the 
best value for each point; for best results one would 
vary ¢ after introducing CI. In any case, it can be seen 
that the CI function is more realistic at large distances 
than the 40-term Kolos-Roothaan function, as would be 
expected. 

The difference between the best CI values given here 
and the best analytical SCF values of Kolos and 
Roothaan (interpreted as electron correlation energy) 
are tabulated in Table VII. The increase in the correla- 
tion correction as R increases is not to be interpreted as 
an increase in actual electron correlation; rather it is a 
theoretical measure of the inadequacy of the single- 
configuration functions at large distances. 

The potential curves for the different excited and 
ionized states are given in tabular form to provide a 
point-ior-point comparison against existing theoretical 
data. The corresponding curves are given in Fig. 2 
together with those of Kolos and Roothaan, using both 
34- and 40-term analytical wave functions. 

The results derived for the molecular ions H.*+ and 
H,- from the ground-state Hy solution, are of special 
interest from a predictive standpoint. The energies of 
these charge species were evaluated from the calculated 
ground-state total energies, electron affinities and ioni- 
zation potentials (IP), using the formulas 


E(Hzt, X 22,+) =E(He, X 3,+) —ae,, 
E(Hy-, X 22,+) = E(He, X '2,+)+e0,- 


AND 


SB. - RANSIL 


The above approximation utilizing the appropriate H, 
data provides a good account of H:t. But this success 
does not necessarily mean that «., should correctly 
approximate the observed H: ionization potential which 
is calculated to be 16.10 ev at R=1.4 a.u. compared to 
an experimental value of 15.422 ev. A more accurate 
computation of the IP for Hz would involve the deter- 
mination of the thermal distribution for the different 
vibrational (and rotational) levels of both states (to 
cover the possibilities of both absorption and emission 
spectra), and the consequent (graphical) determination 
of the vibrational (and rotational) levels which will 
give the long-wavelength limit.!° In the present case, 
leaving apart the rotational levels, the theoretical value 
for the IP should be considered to lie within the range 
14.90 ev (vo) and 15.13 (v9). Of course, these results 
would have to be modified by: (a) correction of the 
ionized state energy to an accuracy equivalent to the 
one of the ground state (close-to-accurate SCF); (b) 
correlation correction for the ground state (in a general 
case a correlation correction would also have to be 
introduced for the ion). In this consideration, it would 
be necessary to assume that these corrections would 
leave the rotational and vibrational levels unchanged. 














1 
10 is 20 25 30 
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Fic. 2. Potential curves for the ground and lowest-lying ex- 
cited states of Hz and for the ground states of Hz and H:*. The 
full line curves have been plotted taking the values obtained in 
the present calculations: for the !2,* states, results from CI cal- 
culations; for all others, results from simple-configuration calcu- 
lations. The dashed curves are from accurate calculations by 
W. Kolos and C. C. J. Roothaan.’ The lowest !Z,* excited state 
of Kolos-Roothaan can be identified as the E !2,* state, while 
the lowest !Z,* excited state obtained in the present calculations 
has been identified as the F 'Z,* state (see reference 10 and 
Table VIII). 


10See G. Herzberg, Spectra of Diatomic Molecules (D. Van 
Nostrand Company, Inc., Princeton, New Jersey, 1950), pp. 
387, 414, 459. 





STUDIES IN MOLECULAR STRUCTURE. VI 1975 
TABLE VIII. Vibration-rotation constants* for the ground-state and lowest-lying excited states of Hz and the ground states of the 
molecular ions H2* and H2~. 


ae R. 
(em™) (A) 


10-k,4 
(dyne/cm) 


T& We 
(cm) (cm7) 


WeXe 


Em 
State Excitation» (cm™) (a.u.) 


(cm-") 








Hz 


B',+ 98203 
[91689] 
(103192) 
[103480] 
X 13,+ 0 
(0) 
[0] 


—0.09037 
[1.193] 
(0.08676) 


1.617 —0.68467. 0.7711 
[1.293] [0.5468] 
(2.361)  (—0.68655) (0.6373) 
[2.32] 
0.7367 
(0.7542) 
[0.7412] 


17.42 
[19.93] 
(28.40) 


1612 
[1357] 
(1465) 
[1000] 

4631 
(4359) 
[4401] 


12.80 
[20.02] 
(6.001) 
[6.24] 
61.61 
(58.78) 
[60.86] 


lo,— lo, 


F'E,+ (1e,)*+(10,)2 
216.7 

(181.8) 
[121.0] 


1.816 
(1.350) 
[3.017] 


—1.13212 6.369 
(—1.15673) (5. 
[—1.17444] [5. 


H,* e 
X *3,* 121375 


[124429] 


2275 
[2297] 


226.6 
[62] 


28.00 
[29.8] 


2.227 
[1.4] 


1.093 
[1.06] 


~0.57909 1. 
[-0.0026] [1. 


H 


> 
x *Z° 975.4 32.32 10.62 0.1898 4.275 —0.96458 0.2825 








= 





® The values given without brackets have been obtained from curves evaluated in the single-configuration LCAO MO SCF approximation, while the values in 
parentheses correspond to curves obtained introducing CI. The observed values, where available, are given in square brackets and have been taken from: 
reference 10, B. P. Stoicheff Can. J. Phys. 35, 730 (1957); and G. Herzberg and L. L. Howe, Can. J. Phys. 37, 636 (1959). 

b The electronic configuration of the ground state of Hz is taken as the basis in deriving the excited and ionized species. 

© These values are referred to the ground state of the neutral molecule He. 

4 The experimental value for &e has been evaluated utilizing the same formula as for the theoretical values but making use of the observed value of we. 

© Theoretical values are given by O. W. Richardson, Nuovo cimento 15, 232 (1938). 


Poorer results are to be expected for negatively 
charged H;-, for which the total error in the energy 
should probably be larger because the correlation correc- 
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' Fic. 3. Curves for the splitting '=,*+—%2,,* in different approxi- 
mations: (1) Accurate calculation with James-Coolidge type 
function®; (2) MO-—é approximation“; (3) Single-configura- 
tion LCAO MO SCF approximation, using virtual MO’s (present 
calculation). 


tion is larger in this case than for the neutral molecule 
or the positive ion. It is therefore interesting to compare 
the present results for H:~ with those of Fischer- 
Hjalmars." Very nearly equivalent results are obtained 
for the equal-{ case although both calculations give 
unsatisfactory results both from the standpoint of 
energy and shape of curve. Plausible theoretical values 
for the electron affinity of Hz are subsequently obtained 


TaBLeE IX. Atomic populations as function of internuclear dis- 
tance (single configuration) .* 





R (a.u.) n (log; 1s) n (1o,; 2s) n (ley; 2p) 
.949592 0.006309 
.945038 0.007922 
.941001 0.009464 
.937411 0.010983 
.934366 0.012316 
.931845 0.013448 
.929782 0.014410 
.927358 0.015282 
.926455 0.015494 
.930434 0.012211 
.938282 0.007600 
.954887 0.001027 
.968801 —0.001817 
.979648 —0.002290 
.999510 —0.000021 
.999915 0.000000 
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® Significance, if any, probably should not be given to these figures beyond 
three significant figures. Data are reported to six decimal places for those in- 
terested in computer-program checks. 


J, Fischer-Hjalmars, Arkiv Fysik 16, 33 (1959). 
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TABLE X. Overlap populations as function of internuclear distance (single configuration) .* 








n (1s 4, 2s) n (1s 4, 2po p) 


n (1s 4, 1s gp) —— + 


n (2po a, 1s zp) 


n (2s a, 158) 


n (2s 4, 25 p) 


n (2s 4, 2po p) 
n (2pa a, 2po p) Total 


n (2po 4, 25 8) overlap 





.829007 0.011226 ).083656 
.807794 0.013984 ).088750 
. 787040 .016624 ).092948 
.019220 
.021514 
.023484 
.025172 
.026854 
.027398 
.022184 
.014142 
.001966 


. 766659 
. 746877 


.096320 
-098996 
).101062 
. 102580 
. 104436 
. 104788 
. 101740 
.094770 


. 727695 
. 709039 
.674036 
.640900 
.567067 
.499030 
.369617 .075530 
.254778 .003536 
.004518 
.000048 


.000000 


.055078 
.036438 
.000444 
.000000 


. 163163 
.003714 
0.000004 


® Significance, if any, probably should not be given to these figures beyond three significant figures. Data are reported to six decimal places for those interested 


in computer-program checks 


by Fischer-Hjalmars when free ¢ variation is permitted 
and a certain amount of CI is admitted. 

Correct asymptotic behavior is obtained for both 
H,* and H,-. The total energy for Hz* asymptotically 
approaches a limit of 0.5 a.u., which is the correct value 
for a dissociation into H(?S) and Ht. Similarly, H,» 
tends to a limit of about 0.93 a.u. which is very close to 
the Hartree-Fock value of 0.98793 a.u. corresponding to 
a dissociation into H(#S) and H-(4S). 

The results for the two lowest-lying '2,* excited states 
show an interesting feature. The potential curves ob- 
tained in the single-configuration approximation violate 
the noncrossing rule. When CI is introduced, the curves 
no longer cross over. The interaction is rather strong in 
the region of the crossing point and both curves separate 
from each other. But their curvature clearly indicates 
that there had been crossing in the simpler approxima- 
tion. 

In Fig. 3 the singlet-triplet splitting for the excited 
states 12,*-*2,+ has been plotted. The results from 
accurate calculations” plotted in the same figure, can 
be taken as a basis for comparison. Only in the region 
1.0-2.0 A (where the minimum of the potential curve 

2 The accurate values for the '2,*—%Z,* splitting have been 
partly evaluated from the results given by Kolos and Roothaan? 
and complemented by values taken from Phillipson and Mulli- 
ken,'* who determined them from results of accurate calculations 
on *Y,,* by James and Coolidge, J. Chem. Phys. 6, 730 (1938), 
and from the values obtained for !Z,,* based on a Morse potential 
curve constructed from spectroscopic data. 


0.000404 
0.000487 
0.000551 
0.000607 
0.000641 
0.000656 
0.000659 
0.000602 
0.000527 
0.000262 
0.000094 
0.000002 
0.000008 
0.000020 
0.000000 
0.000000 


—0.000752 
—0.000824 
—0.000856 
—0.000856 
—0.000822 
—0.000760 
— 0.000678 
—0.000470 
—0.000252 
0.000152 
0.000268 
0.000072 
—0.000174 
-0.000262 
—0.000002 
0.000000 


—0.003542 0.919999 
— 0.003308 0.906883 
—0.003036 0.893271 
—0.002738 .879212 
—().002433 .864773 
—0.002128 .850009 
—0.001829 834943 
—0.001275 .804183 
—0.000774 .772587 
0.000193 .691598 
0.000826 .609130 
0.001389 .448576 
0.001386 307540 
0.001089 . 195930 
0.000009 .004117 
0.000000 .000004 


of '2,* lies) is rather good agreement obtained, on both 
sides of this region serious discrepancies arise. This 
behavior is mainly determined by the 'Z,,* state. While 
the *2,* state is adequately approximated (see Fig. 2) 
over the full range of R, this is not true for the 'Z,,* state 
outside the small region around its equilibrium position. 
In particular a very poor energy is obtained in the dis- 
sociation region."® Improved MO’s* (i.e., with an ex- 
tended basis set and ¢ variation) cannot overcome this 
shortcoming in the single determinantal approximation ; 
CI would correct this situation (as it has done for the 
ground state). It is well known, that the single-configu- 
ration LCAO MO SCF method, both in direct calcula- 
tions and in the virtual MO’s approximation, leads in 
general to excessively steep curves on both sides of the 
minimum, which in turn leads to computed values of the 
force constants k, which are larger than the observed 
ones (see Table VIII). 

At this point it is pertinent to mention the results 
obtained by Ehrenson and Phillipson” for the oscillator 


13 The B '%,,*+ state dissociates into H (1#S)+H (22S) [or H 
(12S)+H (2?P)] (see reference 10, p. 380), with a total energy 
of —0.625 a.u., while the theoretical value (at R=18.0 a.u.) is 
—0.501112 a.u. This difference (3.37 ev), partly canceled by the 
error in the theoretical value of the total energy of 32,,*, deter- 
mines the discrepancy (2.65 ev) for the 1Z,,*—8Z,* splitting be- 
tween the theoretical and the accurate value (12.84 ev vs 10.20 
ev) at large distances. 

4 P. E. Phillipson and R. S. Mulliken, J. Chem. Phys. 28, 1248 
(1958). 

16S. Ehrenson and P. E. Phillipson, J. Chem. Phys. 34, 1224 
(1961). 





STUDIES IN MOLECU 
strength of the transition B'2,+(V state)-X !Z,+(N 
state) using our single-configuration wave functions at 
R=1.4 a.u. The f values evaluated using the dipole- 
length, -velocity, and -acceleration operators are 0.762, 
0.538, and 0.607, respectively, which compare poorly 
with the best estimated value of 0.27. Such results are 
mainly due to the inadequate description (at the dis- 
tance) of the V state by virtual orbitals. In a separate 
calculation, using our ground state function and 
Phillipson-Mulliken’s“ for the V state, they obtained 
0.273, 0.225, and 0.354, respectively, which provides 
more evidence for the semiquantitative accuracy of the 
single-configuration function which extended basis set 
and Phillipson-Mulliken’s V state function, at least at 
R.. 

Comparison of the calculated spectroscopic constants 
with experiment (Table VIII) for those cases where 
values are available shows rather good agreement. In 
the case of the ground state it can be seen that the intro- 
duction of CI betters the agreement with the observed 
values.'6 

Interesting qualitative, though tentative, conclusions 
can be drawn from inspection of the results of the single- 
configuration population analysis. The atomic popula- 
tions (Table [X) indicate that in the extreme cases 


The good agreement obtained in the single-configuration 
calculations was expected.’ The results reported there for Lis, 
LiH, and HF, using many-configuration functions, did not offer 
a clear improvement over the single-configuration values. Those 
calculations were handicapped by using the same set of ¢’s, de- 
termined variationally in the single-configuration calculation at 
the equilibrium distance, for all other internuclear separations. 
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(R=0, R=) the atomic population will practically 
be concentrated on the 1s STO (united or separated 
atom), which agrees with the picture obtained by 
direct inspection of the lo, MO coefficients. The 
1s atomic population reaches a minimum around 
2.0 a.u., while the 2s and 2pfo0 populations reach a 
maximum (larger for 2/0 than for 2s) around that 
point. These results agree qualitatively with what 
has already been reported* for He: On the basis of 
those results, it would be expected that the 2s con- 
tribution, though small, is not negligible. Analogously 
it would be expected to find the 2f0, and perhaps 
the 2s contribution larger around the equilibrium posi- 
tion, leading to a maximum overlap. That this is not so 
is probably attributable to the inherent deficiencies in 
approximating an open-shell system by the single 
configuration approximation. 

The computed total overlap population (Table X) 
decreases as distance increases. There is no maximum 
in the binding region as would be expected on the basis 
of previous experience with He: where a maximum 
overlap population coincides with the region of the Van 
der Waal’s minimum.’ This again may be due to the 
inherent defficiencies of the SCF function at R~R, or 
possibly to a misinterpretation of the meaning of the 
overlap population. 
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Calcium sulfide activated by nickel and copper or nickel and silver gives an emission band at 680 and 
625 mu, respectively. In strontium sulfide the emission bands appear at 775 and 710 mu, respectively. The 
presence of both activators is necessary for the production of these emissions. 





N the classical work of Lenard and his school! it was 
found that activation by nickel produced red lumi- 
nescence in calcium sulfide and near infrared in stron- 
tium sulfide. Nickel is well known as a killer of the 
luminescence in zinc and cadmium sulfide phosphors? 
and is not known to function as an activator in any other 
host lattice. Therefore there is some theoretical interest 
in cases where it produces luminescence. It was shown 
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Fic. 1. Emission spectra of calcium sulfide activated by: 
curve 1 2X10~* Ni, 2X10 Ag; curve 2 2X10~ Ni, 2X1074 Cu. 
Note the scale factor in curve 2. 


recently’® that the red emission ascribed to nickel in 
calcium sulfide is due to double activation by nickel 
and copper. In this paper we present the results of fur- 
ther investigations on nickel-activated phosphors. 


EXPERIMENTAL 


A new method has been developed for the preparation 
of luminescent pure alkaline earth sulfates by homoge- 
neous precipitation from a single solution. A solution 
of the alkaline earth sulfamate is prepared by dissolving 
the carbonate in sulfamic acid solution. The solution is 
first purified by precipitation with hydrogen sulfide in 


1P. Lenard, F. Schmidt, and R. Tomaschek, Handbuch der 
Experimental physik (Verlag Julius Springer, Berlin, 1928), pp. 
331, 363. 

2H. W. Leverenz, An Introduction to Luminescence of Solids 
(John Wiley & Sons, Inc., New York, 1950), pp. 333-337. 

3M. Avinor, J. Chem. Phys. 32, 621 (1960). 


the conventional manner.‘ It is then rendered slightly 
alkaline by ammonia and the last traces of heavy metals 
are extracted by a solution of dithizone in carbon tetra- 
chloride. The purified solution is introduced into a 
Pyrex flask loosely covered with a Pyrex beaker and 
hydrolyzed by heating it in an autoclave to 200°C. The 
precipitated alkaline earth sulfate is washed several 
times with pure water and dried at 200°C. The yield is 
quantitative. Because of the high solubilityf{of the 
alkaline earth sulfamates a large crop is obtained from a 
relatively small volume of solution. The phosphors were 
prepared by adding the activators as a solution of the 
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Fic. 2. Emission spectra of strontium sulfide activated by: 
curve 1 2X10~ Ni, 2X10~ Ag; curve 2 2X10~* Ni, 2X10 Cu. 


sulfate or nitrate to the alkaline earth sulfate and dry- 
ing at 150°C. The sulfate was reduced to the sulfide by 
heating to 1000°C in a stream of hydrogen sulfide. The 
sulfide was then mixed with 2 to 4% by weight lithium 
fluoride flux and fired at 1500°C in oxygen-free nitrogen. 

Luminescence was excited by the filtered radiation 
from a high-pressure mercury lamp (mainly 365 my) 
and measured on a Beckman DU quartz monochroma- 
tor. An infrared photomultiplier (DuMont 6911) served 
as a detector. Corrections have been applied for obtain- 
ing equal energy spectra. 


4G. R. Fonda and F. Seitz, editors, Preparation and Charac- 
teristics of Solid Luminescent Materials (John Wiley & Sons, 
Inc., New York, 1948), p. 29. 
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RESULTS 


We have found that activation of calcium and 
strontium sulfides by nickel alone gave only very weak 
luminescence effects, which were probably due to some 
residual impurities. Activation by nickel and copper or 
nickel and silver produced a well-defined emission band 
in the red and near-infrared region of the spectrum. The 
emission band produced by nickel and silver appears at 
shorter wavelengths than the emission of nickel and 
copper in both calcium and strontium sulfides (Figs. 1 
and 2). In calcium sulfide the nickel-copper band ap- 
pears at 680 my and the nickel-silver band at 625 mp 
(Fig. 1). Visually, the nickel-silver emission seems much 
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Fic. 3. Emission spectra of copper-activated phosphors: curve 1 
CaS: 2X10~ Cu; curve 2 SrS: 2X10~* Cu. Note the scale factor 
in curve 2. 


stronger than the nickel-copper emission, not only be- 
cause it is actually about four times more intense but 
also because it is better detected by the eye. Indeed the 
nickel-silver case is rather striking because neither 
element alone produces any significant visible emission 
in either calcium sulfide or strontium sulfide. The very 
weak and nonhomogeneous visible luminescence effects 
which we find in silver-activated calcium and strontium 
sulfides are probably due to the presence of impurities. 

In strontium sulfide the nickel-silver band appears 
at 710 mu, but is otherwise similar to the corresponding 
band in calcium sulfide (Fig. 2) Nickel-copper activated 
strontium sulfide gives a near-infrared emission band 
centered at 775 my which extends weakly into the 
visible region. In addition it shows a relatively strong 
orange phosphorescence. 

Copper alone as an activator in calcium and strontium 
sulfides gives the well-known blue and green emissions 
at 465 and 510 mu respectively (Fig. 3). The. energy 
difference in the peak positions is 0.23 ev. The same 
difference is found between the peak emissions of nickel- 
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Fic. 4. Reflection spectra of calcium sulfide phosphors. 


copper activated calcium sulfide and strontium sulfide 
(Fig. 1, curve 1 and Fig. 2, curve 1), as well as between 
nickel-silver activated calcium sulfide and strontium 
sulfide (Fig. 1, curve 2 and Fig. 2, curve 2). 

In view of the clear evidence of activator interaction 
in these cases we tried to determine the molecular ratio 
of nickel to silver for maximum interaction effect in 
calcium sulfide. To this end we used the method of 
continuous variation. Keeping the total molecular con- 
centration of the activators nickel and silver constant 
at 4X10~ atom/mole and varying the ratio of nickel 
to silver, we measured the intensity of emission at 625 
my under identical conditions. No definite conclusion 
could be drawn from these experiments because of 
scatter in the results, but in general we find that higher 
intensities are obtained when the silver-to-nickel ratio 
is larger than one. Phosphorescence effects are then also 
stronger. 

Reflection spectra of the phosphors (Figs. 4 and.5) 
show that nickel activation introduces a very wide 
absorption region extending from the absorption edge 
of the base material in the ultraviolet down into the 
visible region. It seems to be composed of several ill- 
defined absorption bands. Copper activation of the base 
material introduces some additional absorption beyond 
the edge and in the case of CaS(Cu) we find a clear 
indication of a single absorption band due to copper at 
300 my (Fig. 4). Silver activation produces little addi- 
tional absorption. In phosphors activated by silver and 
nickel or copper and nickel, the absorption seems to be 
due to simple superposition of the absorption bands of 
each activator alone. 


DISCUSSION 


The foregoing experimental facts show that definite 
emission bands are produced by interaction between 
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Fic. 5. Reflection spectra of strontium sulfide phosphors. 
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two activators, nickel and silver, or nickel and copper, 
in calcium and strontium sulfides. The presence of both 
activators is necessary for the occurrence of the emission 
and therefore this case is different from the interaction 
found in the case of sensitization. It is similar to the 
activator-coactivator interaction found in zinc sulfide® 
but in this case it is difficult to decide which atom is the 


AND WEINBERGER 


similar case of coactivation by copper and silver was 
found in vanadium-activated phosphors.® However, in 
the present case the influence of the silver and copper 
on the position of the emission band (a difference of 
0.15 ev) is considerably larger than the influence of the 
various coactivators on the position of the green copper 
band in zinc sulfide. It is possible that the red band is 


main activator and which is the coactivator. It seems 
plausible to assume that nickel is the main activator 
because its presence suppresses the characteristic blue 
band of copper,’ and that copper and silver act as 
coactivators in producing the red emission. A somewhat 


due to trivalent nickel centers and that the monovalent 
silver and copper facilitate the introduction of nickel 
in the trivalent state. Paramagnetic resonance experi- 
ments could settle this point perhaps. 


6M. Avinor and G. Meijer, J. 


Phys. Chem. Solids 12, 211 
(1960). 


°F. A. Kroger and J. Dikhoff, Physica 16, 297 (1950). 
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A theory is proposed to explain the relationship between the structure and the scintillation efficiency of 
organic liquid scintillators. 

The requirements for good scintillation properties in given solvent-solute systems are found to be: (a) 
the existence of pairs of energy levels in the solute which are identical with those involved in the excitation 
of the solvent and (b) a nonrigid structure in the solute, capable of undergoing conformational changes in 
the excited state. 

It was found that the behavior of liquid scintillators satisfied these requirements. Good scintillation proper- 


ties were predicted for some hitherto unknown scintillators. 


INTRODUCTION 


N recent years many hundreds of compounds have 
been screened in the search for improved liquid 
scintillators. However, no quantitative or semiquanti- 
tative theory has been proposed that could explain the 
relationship between the structures and the efficiencies 
of these scintillators. 

The aim of the present paper is (a) to state the 
requirements for good scintillation properties of a 
scintillator dissolved in a solvent, (b) to calculate some 
of these properties for several groups of aromatic hydro- 
carbons, (c) to compare the theoretical and experi- 
mental efficiencies, and (d) to suggest some new efficient 
scintillators. 

THEORY 


Since the radiation is absorbed mainly by the solvent 
and commercial photomultipliers are sensitive only to 
light emitted by the solute, the two main requirements 
for efficient scintillation properties are (1) efficient and 
irreversible energy transfer from the solvent to the 
solute and (2) negligible absorption of the emitted 
radiation by the solute and the solvent. 

The first requirement implies that the transfer of 


energy from the solvent to the solute should be suffi- 
ciently fast to be completed in a time much shorter than 
the lifetime of the excited solvent molecule, which is of 
the order of 10~° sec. Irreversibility is required to avoid 
equipartition of the energy between solvent and solute 
molecules. This would cause the greater part of the 
energy to be emitted at wavelengths characteristic of 
the solvent, which is present in great excess. Since the 
emission and the absorption spectra of the usual 
solvents are similar, a continuous reabsorption by the 
solvent of the emitted photons would be contrary to 
the second requirement. — 

The second requirement is a result of the finite, 
though small, probability of nonradiative energy losses 
in excited molecules. Even in dilute solutions with 
medium absorption coefficients, in flasks only a few 
centimeters in diameter, the emitted photons would be 
reabsorbed many times, and the probability of losses 
due to nonadiabatic transitions would be strongly 
increased. 

If a molecule, surrounded by a group of similar mole- 
cules, is excited, one may assume that because of well- 
known quantum-mechanical principles, exchange forces 
that tend to form aggregates of molecules will appear. 
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In these aggregates the molecules are stabilized by 
sharing both the gap which is left in one of the populated 
orbitals of the excited molecule and the electron in the 
orbital which is not populated in the ground state. 
Within the aggregate the excess energy is delocalized 
and thus the necessary and sufficient condition for high 
efficiency in the transfer is the existence of pairs of elec- 
tron levelsof equal energy in thesolvent and in the solute. 
These pairs enable strong exchange interaction between 
the excited and nonexcited molecules. Since the transi- 
tion moments in the solvent molecules are high only for 
the transitions to the lower singlet states, and since 
energy transfer occurs mainly between the lower singlet 
states of the solvent and the solute,' only correlations 
with the lower electron levels of the solvent need be 
considered. 

If the number of pairs of electron levels in the solute 
that have energy differences equal to those involved in 
the excitation of the solvent is , there are n’ possible 
combinations between the levels by which the energy 
of the excited solvent molecule can be transferred or 
shared. Therefore, the probability of inclusion of a 
molecule of the solute in an excited aggregate of solvent 
molecules should be proportional to the number of 
possible combinations per unit volume (n?/V ). 

Since the density of the aromatic hydrocarbons is 
fairly constant, their molar volumes are roughly propor- 
tional to their molecular weights. As a consequence, the 
rate of energy transfer should be closely proportional 
to n’*/M, M being the molecular weight of the solute. 
Since the efficiency of the energy transfer is expected to 
depend on its rate (due to the short duration of the 
process ), a close relationship should exist between the 
efficiency and n?/M. 

Convenient semiempirical quantum-mechanical 
methods for the computation of the energy levels of 
aromatic hydrocarbons are known? and the results of a 
considerable number of such computations have been 
published.* The approximations made by such calcula- 
tions would introduce serious errors if absolute energy 
values were sought. Since only a comparison of the 
levels in solvents and solutes is made, the application 
of the results of the method of linear combination of 
atomic orbitals (LCAQO) is justified. 

Fulfillment of the requirement for effective energy 
transfer is necessary but not sufficient for good scintilla- 
tion properties. As was already mentioned, irreversi- 
bility of the transfer and low excitation coefficients of 
both solvent and solute in the regions of the emission 
bands of the scintillator are essential. 

Although the superposition of vibrational transitions 
on the purely electron ones causes considerable differ- 
ences in the limits of the regions of absorption and 
emission in large conjugated molecules, the overlap of 


1 J. B. Birks, IRE Trans. on Nuclear Sci. NS-7, 2 (1960). 
2B. Pullman and A. Pullman, Les Theories Electroniques de la 
Chimie Organique (Mason, Paris, 1952). 

§C. A. Coulson and R. Dandel, Dictionary of Values of Molecular 
Constants (calculated theoretically by wave-mechanical methods) 
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the absorption and emission spectra is still considerable 
and leads to losses in scintillation yields. Effective 
separation of the absorption and emission bands is 
possible only if the absorbing molecules differ in some 
way from the emitters. Such a separation does, indeed, 
exist in the scintillators and may be illustrated by the 
following examples. (1) On excitation of either trans- 
or cis-stilbene, a mixture of the isomers is produced. 
Hence the excited state does not correspond in its con- 
figuration to either of the ground-state configurations. 
It has an independent structure and therefore independ- 
ent spectral transitions. (2) Conformational change in 
the excited state also occurs in the linear polyphenyls 
(biphenyl, p-terphenyl). In these compounds the rings 
are not coplanar because of steric hindrance at the 
ortho-positions. In the excited states the angles of dis- 
tortion are changed and new conformations are pro- 
duced. 

A conformational change in the excited state also 
provides the required irreversibility of the energy trans- 
fer from the solvent to the solute. Since only a limited 
number of vibrations is required to bring the excited 
molecule to its new configuration, the duration of the 
conformational change process is estimated to be of the 
order of 10~™ sec. This is much shorter than the lifetime 
of the excited molecules (10~* sec). The new excited 
state formed does not have the former correlation be- 
tween the electron levels and the solvent. Because of 
the vibrational dissipation of energy in the new species, 
the gap between the levels involved in the excitation is 
smaller than before. Thus, energy flow from the solute 
back to the solvent is blocked. 

One of the self-evident requirements, which will not 
be dealt with, is the solubility of the solute in the 
solvents. It should be pointed out that the solubilities 
can be modified by introducing various aliphatic groups 
into the aromatic compounds, without changing the 
electron levels or the transfer properties significantly.‘ 
EVALUATION OF THE SCINTILLATION PROPERTIES 

OF SOME AROMATIC HYDROCARBONS 

Table I gives the theoretical relative energy transfer 
efficiencies from a benzenelike solvent to a number of 
aromatic hydrocarbons and predicts their classification. 
(A benzenelike solvent molecule is defined as one having 
a benzene ring not conjugated to other z-electron sys- 
tems). 

The following comments may be made on the values 
in Table I. The compounds included in class D do not 
have appreciable scintillation properties, as was, in 
many cases, found by experiment. 

The compounds in class C (coronene and perylene), 
although possessing high-energy transfer indices, have 
rigid structures and therefore are not suitable scintil- 
lators. 

Class B compounds have intermediate values of the 


4V. Nay, H. J. Eichhoff, G. Herrmann, and H. O. Wirth, Z. 
Electrochem. 64, 1098 (1960). 
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transfer index. Some, such as stilbene, phenylhexatriene 
and diphenylhexatriene, are mediocre scintillators in 
solution. 

The compounds in class A with high transfer indices 
and nonrigid structures are expected to be good scintil- 
lators. Some of them however, for example p-terphenyl, 


ADAM HELLER 


need wavelength shifters. p-Terphenyl, quaterpheny] 
and diphenylbutadiene have been found experimentally 
to fulfill this expectation of good performance. 
9-Vinylanthracene and 9,10-divinyl-anthracene, 
which have not, as yet, been used as liquid scintillators, 
have excellent transfer properties. Both meet the other 


Taste I. Classification of aromatic hydrocarbons with regard toftheir predicted scintillation properties.* 








Compound 


Mol. 
wt. 
(M) 


n*/M x 10° Class 





Naphthalene 


Anthracene 


CL 


Naphthacene 


Se¢ } 


Pentacene 


SSsee 


Phenanthrene 


ALY 


3,4 - Benzophenanthrene 


128 0.8 D 





® Notes: 


n denotes the number of pairs of energy levels in the compounds corresponding to those in benzene (or similar compounds). 


The classification of the compounds is indicated according to the following criteria: Class A includes those compounds where conformational change is possible 
and which have an index n2/M>0.030; class B includes those where conformational change is possible but 0.015 <m?/M <0.030; class C includes those where n?/M> 
0.03 but which do not undergo conformational change; class D includes all compounds with m?/M <0.015. 

The calculated relative transfer efficiency from benzene-like solvents to the compound is given in Col. 4. 
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Perylene a 
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Coronene 


Biphenyl 
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Table I (continued) 





p-Terphenyl 16 


m-Terphenyl 


(PA? 

ooterphenyl a 
# 

) 


Quaterphenyl 


Big bi a bg, © 


1,3,5-Triphenylbenzene 
Styrene 
p-Divinylbenzene 
m-Divinylbenzene 


~ +43 ri} 
O-Vivinyildenzene 
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Table I (continued) 
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1,8-Diphenyloctatetraen 


1,10-Diphenyldecapentaen 


1-Phenylbutadi ene 


1-Phenylhexatriene 


1-Vinylnaphthalene 


2-Vinylnaphthalene 


9-Vinylanthracene 


9,10-Divinylanthracene 
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requirements stated. The scintillation properties of 
9-vinylanthracene were examined. The compound was 
found to exhibit properties approaching those of p- 
terpheny] and to be capable of replacing the expensive 
1 ,4-bis-2- (5-phenyloxazoly] )-benzene (POPOP) in tol- 
uene or xylene solutions of p-terphenyl and related 
compounds.° 

Since only the correlation with levels of benzenelike 
solvents was sought, efficient scintillators in these sol- 
vents might be very poor ones in other solvents. One 
noteworthy example is that of the polystyrenes. The 


A. Heller and D. 
following paper 


Katz, J. Chem. Phys. 35, 1987 (1961), 
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repeating units of these polymers contain benzene-like 
structures with six conjugated zm electrons, but their 
monomers contain a system of eight conjugated 7 
electrons. Thus, although the conventional solutes 
produce good scintillators when dissolved in the poly- 
mers, the solutions in the monomers are poor scintil- 
lators.® 
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9-Vinylanthracene, for which good scintillation properties were predicted, was found to be a high-grade 
primary and secondary scintillator, capable of replacing the widely used 1, 4-bis-(2-(5-pheny]) -oxazoly]) 


benzene (POPOP). 





INTRODUCTION 


THEORETICAL study! has shown that the solu- 

tions of 9-vinyl-anthracene? in benzene, toluene, 
xylene, and other alkylbenzenes should exhibit good 
scintillation properties, comparable to those of p- 
terphenyl or diphenylbutadiene. The theory indicated 
that in addition to having properties of a primary 
scintillator, 9-vinylanthracene (9-VA) should exhibit 
also properties characteristic of secondary scintillators 
(‘wavelength shifters”). The fluorescence maximum of 
the solutions is near the maximum sensitivity region of 
the most widely used phototubes. The compound is 
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Fic. 1. Measuring arrangement. 





easily prepared in a simple three step process from 
anthracene and acetylchloride.” 

Since the scintillation behaviour of 9-vinylanthracene 
has not yet been reported, an experimental study 
seemed indicated. 


EXPERIMENTAL 
Materials and Method 


Anhydrous sulfur free solvents were used. 9-VA was 
purified by chromatography on activated alumina and 
two recrystallizations from methanol. The yellow crys- 

‘Adam Heller, J. Chem. Phys. 35, 1980 (1961), preceding 
paper. 


?D. Katz and E. D. Bergmann, J. Chem. Soc. 1958, 3216; 
also unpublished results. 


tals of the compound melted at 68°C. Terpheny! 
and 1, 4-bis-(2-(5-pheny]) -oxazolyl) -benzene (POPOP) 
were commercial products of “scintillation grade.” 
The measuring arrangement is shown in Fig. 1. The 
optical connection between the 26 ml vessel containing 
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Fic. 2. Variation of the scintillation efficiency of 9-viny! 
anthracene solutions in xylene with concentration. The abscissa 
is the pulse height (arbitrary units). O=0.9 g/l, @=0.45f¢/I, 
©=1.8 g/l. 


the scintillator and the 6292 DuMont phototube con- 
sisted, in order, of a layer of analytical grade paraffin 
oil,a Perspex light pipe, and a thin layer of Dow-Corning 
silicone grease. A 0.05-uC Zn® source was used; all the 
measurements were carried out at 24°C after argon had 
been bubbled through the scintillator solutions for 20 
min. 
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Results 


Figures 2—5 describe the distribution of the pulses as 
a function of their energies or relative pulse heights. The 
scale of the energies is the same in all measurements. 
Data on a solution containing 4 g/l p-terphenyl in 
xylene and a solution of 4 g/l of p-terphenyl and 0.1 
g/l of POPOP in xylene are included for comparison. 
The ordinates, denoted by V.(AE), indicate the num- 
ber of pulses per unit time per unit interval of energy. 
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Fic. 3. Variation of the scintillation efficiency of 9-vinyl- 
anthracene solution in toluene with concentration. The abscissa 
is the pulse height (arbitrary units). O=2.2 g/l, @=1.3 g/l, 
@=1.08 g/l, O=0.88 g/l, © =0.78 g/l, O=0.44 g/l. 


Figures 2 and 3 give the distribution of the number of 
pulses as a function of their energy in solutions of 9-VA 
in xylene and toluene. The optimum concentration was 
found to be 0.9 g/l for both solvents and also for ben- 
zene. A comparison of the efficiency of 9-VA in benzene, 
toluene, and xylene, and of p-terphenyl in xylene at 
their optimal concentrations (Fig. 4) shows that the 
scintillation efficiency of 9-VA approaches that of p- 
terphenyl, although the concentration of 9-VA is smaller 
by a factor of 4 or 5. The scintillation efficiency of 
solutions of 9-VA increases with the substitution in the 
ring in the sequence, benzene < toluene < xylene. 
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Fic. 4. Influence of the solvent on the scintillation efficiency 
of 9-vinylanthracene (at a concentration of 0.90+0.02 g/l. The 
abscissa is the pulse height (arbitrary units). © =4 g/l p-ter- 
pheny] in xylene, @=xylene, O =toluene, @=benzene. 
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Fic. 5. Comparison of the efficiencies of 9-vinylanthracene and 
1,4-bis-2-(phenyloxazolyl)-benzene (POPOP) as_ secondary 
scintillators in xylene solutions of p-terphenyl. @ =50 mg 9-viny]- 
anthracene+4 g p-terphenyl/], O=100 mg POPOP+4 g p-ter- 
phenyl/1. 





SCINTILLATION OF 

Experiments have also been carried out with 9-VA 
as secondary scintillator. Already 20 mg/l of 9-VA 
increases substantially the scintillation efficiency of a 
xylene solution of 4 g/l p-terphenyl. The optimum con- 
centration is 50 mg/l of 9-VA as compared with 100 
mg/l POPOP in similar solutions. The light output of 
the xylene solution of 4 g/l p-terphenyl with 50 mg/] 
9-VA is similar to that of a solution of 4 g/1 p-terphenyl 
and 100 mg/l POPOP in xylene. Both solutions have 
an efficiency of about 70% of an anthracene crystal of 
similar dimensions. 


DISCUSSION 


In good agreement with predictions made on purely 
theoretical grounds,' 9-VA has been proved to be an 
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efficient primary and secondary scintillator in solutions 
in alkylbenzenes. Because of the simplicity of its prepa- 
ration from cheap starting materials? it is expected that 
the compound will replace the expensive POPOP. 

The low melting point and the yellow color of 9-VA 
seem to indicate that, in contrast to a widely accepted 
hypothesis,® scintillators may be efficient even if they 
have low mp and are colored. 
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The NMR absorption of protons in hydroxyl and hydronium ions is displaced about 10 ppm to low field 
from the proton-resonance absorption in water. This shift is roughly explained by a model locating all the 


ionic charge on the oxygen atom for both ions. 


EVERAL years ago a series of experiments!” were 

performed on the nuclear magnetic resonance 
(NMR) of protons in solutions of aqueous electrolytes. 
' These studies were concerned with the equilibria in- 
volved in the hydrolysis of mono- and dibasic acids and 
bases. Important parameters for this work are the 
NMR chemical shifts of the proton in the hydrolyzed 
form, i.e., HjO+ and OH-, relative to the proton in 
water. This was determined for monobasic acids as the 
ratio of change of chemical shift to change of electro- 
lyte concentration in the limit of zero concentration 
and is therefore the relative chemical shift of the ion at 
infinite ionic dilution. Thus, although solvent (HO) 
association might be a contributing factor to the ob- 
served shift, interactions with other solute ions will 
only give a negligible, and in the true limit, a zero 
contribution. It was found that both the hydroxide ion 
and the hydronium ion have their resonances shifted 
about 10 ppm to low field from the resonance in water. 
The exact values obtained are: —11.8, —11.4, —9.2, 
— 13.1, ~—10, ~—10 ppm for nitric acid, hydrochloric 


* This investigation was supported in part by a fellowship 
from the National Cancer Institute, Public Health Service, and 
by the joint program of the Office of Naval Research and the 
U. S. Atomic Energy Commission. 

1H. S. Gutowsky and A. Saika, J. Chem. Phys. 21, 1688 (1953). 

2 G. C. Hood, O. Redlich, and C. A. Reilly, J. Chem. Phys. 22, 
2067 (1954). ; 


acid, perchloric acid (in which there are other factors 
contributing to the shift®), sulfuric acid* (dibasic), 
sodium hydroxide, and potassium hydroxide. 

Two possible explanations for this very large low- 
field shift have been given. The first’ explains only 
H,;0* and compares its shift to the calculated shift for 
a bare proton. It is suggested that one-third ionic 
character be associated with the OH bond locating the 
positive charge on the hydrogens. The major objection 
to this is that it would predict a shift of opposite sign 
for the OH™ ion. The second discussion‘ considers the 
shift as due to the “molecular environment” of the 
ions and principally to “strong hydration” as in 
hydrogen bonding. This explanation is not entirely 
satisfactory, (a) because such molecular associations 
(in infinite ionic dilution) should not be greatly differ- 
ent for an ion in water than for a water molecule in 
water; (b) the “hydrogen bond shift”—defined as the 
chemical shift between molecules in the liquid® and in 
the gaseous state*—is not necessarily all attributable 


3G. C. Hood and C. A. Reilly, J. Chem. Phys. 27, 1126 (1957). 

‘J.-A. Pople, W. G. Schneider, and H. J. Bernstein, High- 
Resolution Nuclear Magnetic Resonance (McGraw-Hill Book 
Company, Inc., New York, 1959). 

5 After correcting for bulk magnetic susceptibility. 

® Reference 4, p. 403. See also S. Gordon and B. P. Dailey, 
J. Chem. Phys. 34, 1084 (1961) for a discussion of the negligible 
association shifts in liquids. 
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to association, but perhaps in part to changes in 
molecular shape. Molecular parameters such as bond 
lengths can change with change of state and correlation 
of intramolecular electronic distributions between gas 
and liquid phases should not be expected to be rigorous; 
and (c) the magnitude of the hydrogen bond shift is too 
small although it is of the correct sign.® For water it is 
— 4.6 ppm and except for HF it is less than —2.5 ppm 
for the other molecules studied. It must be remembered 
that these values refer to concentrated (concentrated 
in the solvent—zero solute) solutions of like molecules 
and not infinitely dilute solutions as with the ions 
studied. 

We wish to propose a simple model which accounts 
for the gross feature of this phenomenon. We assume 
that the OH bond for both ions is basically the same 
(ionic character, etc.) as for the water molecule. For 
this to hold, therefore, the imbalance of charge or elec- 
tron density (excess or lack) should be principally lo- 
cated on the oxygen atom for both ions. Thus we as- 
sume that we can treat OH~ as a complex of a hydrogen 
atom with an O~ ion, H;0* as a complex of three H 
atoms with an O* ion, and water as a complex of two 
H atoms with an O° atom.’ Based on this model it is 
possible to explain the low-field chemical shifts of the 
protons in these ions as arising from the interaction of 
their 1s electrons with the electric field of the “point 
charge”’ on the oxygen atoms. 

The isotropic chemical shift for a proton in a hydro- 
gen atom in a uniform electric field E has been shown 
to be® Ao=— (881/216) Xa E?/mce?= —7.38X 10-¥E?, 
where do and m are the Bohr radius and the mass of 
the electron, respectively. This is the isotropic chemi- 
cal shift since it is the average over all directions of E 
relative to the external magnetic field Ho. This is the 
expression which we use for Ao of a proton attached to 
a molecule containing a localized charge and rapidly 
tumbling in an external magnetic field. The shift Ag is 
caused by the perturbation of the proton’s electron 
distribution, and is exact for an isolated H atom in a 
uniform electric field (and can be considered as giving a 
reasonable approximation for a covalently bound H 
atom in a molecule in the radial field of a point charge). 

In our model, the protons (and their 1s electrons) in 
the H,O+ ion and the OH™ ion will “see,” respectively, 
an electric field of magnitude +e/ron’, where roy is the 
oxygen-hydrogen internuclear distance. E? is identical 
for both ions and we therefore expect the protons in 
both to be equally unshielded with As= — 7.38 X 10~"%e?/ 


‘ This is analogous to considering covalently bound halides as 
having essentially an unfilled p shell or being effectively atomic 
as is demonstrated by the large electric field gradients observed 
at the halide nuclei in nuclear quadrupole experiments. 

’T. W. Marshall and J. A. Pople, Mol. Phys. 1, 199 (1958). 
See also P. J. Frank and H. S. Gutowsky, Arch. sci. (Geneva) 11, 
216 (1958) who obtain too low a value for such chemical shifts by 
considering only the lowest terms in a perturbation expansion. 
The error introduced in this manner is discussed by L. C. Snyder 
and R. G. Parr, J. Chem. Phys. 34, 837 (1961). 
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ron’. If this is the sole contributing term to Ag it is 
possible to calculate ron from the experiment. Using 
Ao=—12X10-* as the average of the most reliable 
values (HCl, HNO;, H2SO,) we calculate roy=1.09 A. 
This is a fair approximation to the true value.’ rox in 
water vapor is actually 0.96 A; ron in crystalline 
C(CH2OH), is 0.94 A; rop in heavy ice (which should 
be less than rox) is 1.01 A; and in formic acid dimer 
Yon= 1.075 A. There have been no estimates of OH 
distances in ions. We could turn the problem around, 
and taking ron=0.96 A, the gas value, estimate 
Ao=—20X10-*. Thus it appears that we have a 
reasonable explanation for the low-field chemical shift 
of hydroxyl and hydronium ions. 

We have neglected the contributions to the shift 
due to the polarization of the surrounding medium. 
This would give at any instant of time an electric field 
at the proton located in the ion. The total shift would 
be proportional to ((Eie"+-E, ;P°!)?),, where E;\Pe!is the 
component of the net polarization field at the proton 
parallel to the field due to the ionic charge E'°® and 
{ )w is the average over molecular motions during 
~1 sec. Were the ion spherically symmetrical so that 
Fr! had no preferred direction relative to the ion, or 
were the polarization of the surrounding medium not 
to change significantly as the molecule tumbles then 
(E, \P°!)=0. However, because of ionic shape (requir- 
ing H,O+ to be pyramidal rather than planar) there 
might be favored direction of the polarization field. 
This would contribute a field parallel to Ei™ but 
probably of opposite sign and therefore Ao « — Eien?+- 
2 | Eiom || (E,\Pe!)| plus terms of higher order. Thus 
such contributions will reduce the calculated Ao. Our 
model has no dipole moment and therefore the Onsager 
reaction field is neglected.’ 

In order to confirm this explanation for the ionic 
shifts we had hoped to study aqueous solutions of 
various concentrations of CH;ONa. However, Ao will 
be only ~—0.7 ppm since the protons are much 
further from the charge on the oxygen and we were 
unable to get a sufficiently concentrated solution to 
give a detectable change in resonance frequency. 
Either the sodium salt of ¢-butanol or o-cresol might be 
suitable although in the latter one would be worried 
about the interaction of the ionic electron with the 
benzene ring. Perhaps a model such as this will be 
useful in studying nucleoprotein structures via mag- 
netic resonance. 
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‘The internal energy distribution has been determined for propane and n-butane ions produced by elec- 
tron impact. The method involves the use of differential ionization efficiency curves and depends on the 
validity of the linear threshold law for simple ionization. The experimental distributions are in fair agree- 
ment with theoretical calculations of Lennard-Jones and Hall and indicate that the major fraction of the 
parent ions are formed by simple removal of a valence electron. Only a minor fraction of the parent ions 
are apparently formed by removal of one valence electron together with excitation of one or more remaining 
electrons. Breakdown curves for propane and n-butane have been determined experimentally and, except 
for the energy scales, are in fair qualitative agreement with the predictions of the statistical theory of mass 
spectra. The discrepancy between theoretical and experimental energy scales is ascribed at least in part to 
inadequacy of the theoretical rate equations used in the statistical theory. There is no evidence for gross 
failure of the assumptions of the theory regarding energy randomization although the number of crossings 
of potential surfaces of the molecular ion is shown to be very much smaller than originally assumed by 


Rosenstock et al. 


INTRODUCTION 


AHRHAFTIG, Eyring and their associates!” 

have developed a statistical theory to explain the 
mass spectra of polyatomic molecules in terms of com- 
peting and successive reactions of excited molecular 
ions. This theory employs a number of doubtful assump- 
tions and approximations. Friedman, Long, and Wolfs- 
berg’ and King and Long‘ have indicated the inade- 
quacy of simplified applications of the theory to the 
calculation of mass spectra of certain molecules. Some 
attempts (see references 5 and 6, for example) have 
been made to investigate some assumptions and con- 
sequences of the theory more directly. These studies 
indicate that the assumption of energy randomization 
is not always valid and that the calculated rate con- 
stants are often badly in error. 

The statistical theory of mass spectra (STMS) is 
usually employed in the following manner. It is assumed 
that the mass spectrum represents the charged reaction 
products of unimolecular decompositions of excited 
parent molecular ions at a time approximately 10~ sec 
after the initial act of ionization. Rate constants for 
these decompositions are calculated by a variation of 
the theory of absolute reaction rates and a breakdown 
graph is constructed. This breakdown graph gives the 

*Work performed under the auspices of the U. S. Atomic 
Energy Commission. Presented at the Washington meeting of 
the American Physical Society, May 1, 1959. 

1M. B. Wallenstein, A. L. Wahrhaftig, H. M. Rosenstock, and 
H. Eyring, “Chemical reactions in the gas phase connected 
with ionization,” in Symposium on Radiobiology (John Wiley & 
Sons, New York, 1952). 

2H. M. Rosenstock, M. B. Wallenstein, A. L. Wahrhaftig, and 
H. Eyring, Proc. Natl. Acad. Sci. U. S. 38, 667 (1952). 

3L. Friedman, F. A. Long, and M. Wolfsberg, J. Chem. Phys. 
27, 613 (1957); 30, 1605 (1959). 

4A. B. King and F. A. Long, J. Chem. Phys. 29, 374 (1958). 

5 W. A. Chupka, J. Chem. Phys. 30, 191 (1959). 

®W A. Chupka and J. Berkowitz, J. Chem. Phys. 32, 1546 
(1960) . 


fractional yield, after 10~ sec of reaction, of each ion as 
a function of the total internal energy of the original 
parent ion. An internal energy distribution of the parent 
ions is then assumed and used with the breakdown 
graph to calculate a mass spectrum. Earlier work® based 
on the technique of Morrison’ has shown that both the 
breakdown graph and the internal energy distribution 
may be determined experimentally to a fair approxima- 
tion. The energy distribution is given by the appropriate 
derivative of the total ionization as a function of the 
energy of the ionizing agent. The breakdown graph is 
made up of the normalized derivatives of the intensities 
of the different ions as a function of the energy of the 
ionizing agent. The first derivative is appropriate to 
ionization by photons while the second derivative is 
appropriate to ionization by electron impact. This differ- 
ence is a result of the different threshold laws for ioniza- 
tion. The accuracy of the results is determined by the 
accuracy to which the assumed threshold laws hold over 
the energy region of interest. The purpose of this experi- 
ment was to determine both the breakdown graphs and 
internal energy distributions for propane and n-butane 
and to compare the results with the calculations and 
assumptions of previous workers. 


EXPERIMENTAL DETAILS 


The mass spectrometer used in this work is a single- 
focusing, 60° instrument with a 12-in. radius of curva- 
ture. The source and analyzer sections are pumped 
separately so that the pressure may differ by as much 
as a factor of thirty. The electron-emitting element was 
a dc heated iridium ribbon coated with thorium oxide 
to provide adequate emission at a relatively low tem- 
perature. The electron beam current was electronically 
regulated at about 1.0 ua and the electron voltage was 


7J. D. Morrison, Revs. Pure Appl. Chem, 5, 22 (1955). 
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Fic. 1. Typical differential ionization efficiency curves for Xet* 
taken during runs on propane. The solid line gives the first 
derivative and the dashed line the second derivative of the ion 
current with respect to electron energy. The energy scale has 
been corrected. 


continuously variable from 0 to 150 v by means of a 
10-turn helipot. The helipot could be turned at several 
speeds by means of a synchronous motor and a system 
of gears. 

The detector system of the mass spectrometer em- 
ploys an electron multiplier to provide high sensitivity. 
The output of the multiplier is fed into a vibrating reed 
electrometer and then displayed on a strip chart re- 
corder. Alternatively the output of the electrometer 
can be fed into an analogue computer which then deter- 
mines the first derivative of the ion current with respect 
to time and displays it on the strip chart recorder. 

The propane and m-butane gases were Research Grade 
obtained from Phillips Petroleum Company. The gas 
being studied, together with a small amount of xenon 
gas used for calibration, was leaked into the source 
region of the mass spectrometer at such a rate as to 
maintain a pressure of about 10-* mm in that region. 
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Fic. 2. Total second differential ionization efficiency curve for 
propane (solid line). The light dashed line gives the energy 
distribution produced by electrons of energy 4.0 ev above the 
ionization potential of propane. Also shown are the energy dis- 
tributions assumed by Rosenstock ef al. and Kropf et al. The 
area under each of the latter curves is approximaiely equal to 
that under the experimental curve. 
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Fic. 3. Total second differential ionization efficiency curve for 
n-butane (solid line). The dashed line gives the energy distribu- 
tion produced by electrons of energy 4.0 ev above the ionization 
potential of n-butane. 


The mass spectrum was scanned by sweeping the mag- 
netic field. Mass peaks which were greater than about 
5% of the most intense peak were then studied in the 
following manner. A mass peak was focused on the 
collector of the mass spectrometer and the electron 
voltage reduced until the ion intensity was below the 
limit of detection. The electron voltage was then swept 
upward at an appropriate selected speed and the first 
derivative of the ion current with respect to time (and 
hence electron voltage) was recorded at an appropriate 
sensitivity. The sweep speed was kept constant for all 
peaks. At intervals, the xenon peak of mass 132 was 
swept in the same manner to provide a voltage calibra- 
tion and a check on the effective electron energy distri- 
bution. Second derivatives were computed from a 
smooth line drawn through the recorder trace of the 
first derivative. 

The effective electron energy distribution was appre- 
ciably wider than the Maxwellian distribution at the 
temperature of the filament. This excess spread was 
attributed in part to the voltage drop across the filament 
due to the heating current and in part to variations in 
the potential drop across the oxide layer. The spread 
appeared to increase very slowly over a period of weeks, 
possibly due to changes in the oxide layer. Typical data 
for the mass 132 peak of xenon taken along with the 
data on propane are shown in Fig. 1. The half-width of 
the second derivative was found to vary by less than 
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curves for propane. 
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+0.2 ev throughout this experiment. The ionization 
potential of xenon was also used to calibrate the energy 
scale. In this calibration, the voltage at which the second 
derivative of the xenon ionization efficiency curve 
dropped to zero (i.e., about 12.1 ev in Fig. 1) was taken 
as the ionization potential of xenon in the manner 
described by Morrison.’ During the experiments on n- 
butane, the effective electron energy distribution was 
found to be about 50% wider than during the experi- 
ments on propane. 


RESULTS 


The computed second-derivative ionization efficiency 
curves of the major ionic species from each compound 
were added together and the resulting curves are given 
in Fig. 2 and 3 for propane and n-butane respectively. 
The second-derivative curve for each ionic species was 
then normalized by dividing it by the second-derivative 
curve of total ionization given in either Fig. 2 or 3. The 
resulting normalized derivative curves are given in Fig. 
4 and 5 for propane and n-butane respectively. The 
position of the zero was chosen as the ionization poten- 
tial determined by Watanabe.’ Thus, the energy scale 
represents only the internal energy given to the molecu- 
lar ion by electron impact. The extension of the curves 
of Figs. 2 and 3 to negative energies represents mostly 
the effect of the electron energy distribution and possi- 
bly a small effect of internal thermal energy (hot 
bands). The amount of the latter effect is difficult to 
estimate, since in this case it is also a function of the 
Franck-Condon integrals. The probable error in the 
position of the zero of energy is estimated to be about 
+0.2 ev. Low-energy tails also appear on the normalized 
derivative curves of all fragment ions. These tails are a 
result of the same two factors except that in these cases 
the internal thermal energy is expected to contribute 
fully as was found to be the case for the n-alkylamines.° 

It is difficult to estimate the probable error in the 
curves of Figs. 2-5, since this error varies along any 
curve for the following reasons. The curves of Figs. 2 
and 3 result from the addition of curves which often rise 
and fall steeply over a short energy region. In such a 
region slight errors in energy will produce fictitious 
structure and rather large errors in the ordinate of the 
final summed curve. The error in the energy scale of the 
nonnormalized derivative curve for each fragment has 
a probable error of about 0.2 ev. The probable error of 
the ordinate of each such curve is about +10% except 
at the high-energy side where the curve begins to fall to 
zero. In this region, the probable error is usually about 
+10% of the maximum value of the curve. For the 
curves of Figs. 2 and 3, the probable error of the ordinate 
is roughly 20% or the change in ordinate given by a 
shift of 0.3 ev along the energy scale, whichever is the 
greater. The high-energy region of the curves of Figs. 2 
and 3 must be discussed further. The curves in this re- 


’K. Watanabe, J. Chem. Phys. 26, 542 (1957). 
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Fic. 5. Normalized second differential ionization efficiency 
curves for n-butane. 


gion are mostly the sums of individual curves which are 
near their maxima in this region and thus an error of 
about 20% is expected. However additional error is pos- 
sible as a result of the fact that curves which are already 
supposed to have dropped to zero at lower energies may 
actually have values of + 10% of their maximum values. 
Actually all derivative curves for individual ions became 
slightly negative at sufficiently high energies. These 
negative values were neglected as being due to departure 
from the assumed behavior of ionization cross section 
with energy. The errors discussed above exclude the 
effect of the electron energy distribution in smearing 
out fine structure which undoubtedly occurs. 

The occurence of autoionization can also introduce 
some error. Since the cross section for such a process is 
probably approximately a step-function of energy, this 
process, to a first approximation, will not contribute to 
the total area under the second-derivative curve, but 
can change the shape of the curve to some extent. 
Autoionization very likely contributes only a rather 
minor amount to the total ionization produced by 
electrons of moderate and high energies (~20 ev and 
above) because of the approximate constancy of the 
cross section with energy. However, at voltages near 
the ionization potential, the contribution of autoioniza- 
tion may not be negligible in some instances. The same 
remarks apply to the production of ions by dissociation 
of neutral excited molecules into positive and negative 
ions. With sufficiently monoenergetic electrons or pho- 
tons, such processes can be identified and accounted 
for. However, the present data are not capable of such 
resolution and the effects of these processes will be 
negligible compared to the errors discussed above. 


DISCUSSION 


A. Internal Energy Distribution—-General 


As shown by Morrison® (and used by others®** in 
photoionization studies) experimental derivative curves 
of the type shown in Figs. 2 and 3 represent band enve- 
lopes of the relative transition probabilities for forma- 


9 H. Hurzeler, M. G. Inghram, and J. D. Morrison, J. Chem. 
Phys. 28, 76 (1958). 
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ic. 6. Experimental energy distribution compared with cal 
culated electronic energy levels of propane. (A) experimental 
curve, (B) energy levels calculated according to assumption (1), 
(C) energy levels calculated according to assumption (2) as 
explained in text. The height of a line is proportional to the de- 
generacy of the energy level. 


tion of the parent ion in states with total internal energy 
given by the abscissa. It is assumed in deriving the 
above relation that this transition probability is also 
directly proportional to (/—£), where V is the electron 
energy and £ is the total energy of the states in question. 
Therefore, in order to get the energy distribution pro- 
duced by electrons of energy V, the transition proba- 
bility curves of Figs. 2 and 3 should be multiplied by 
the function (_V—£). It is seen that. the transition 
probabilities are appreciable for only a short range of a 
few volts above the ionization potential (J.P.). For 
values of V>>/.P. the function (V—£) is practically 
constant, and thus the transition probability curve can 
be taken as the energy distribution to a fair approxima- 
tion. This approximation will be good, even though the 
assumed linear threshold law is no longer valid, as long 
as the transition probability ‘curves for individual 
electronic states have nearly the same shape. The latter 
situation is certainly not precisely true but it is the best 
assumption that can be made at present. In the low- 
energy region where the linear threshold law is at all 
valid, multiplication by (V—£) has an appreciable 
effect and energy distributions for V =/.P.+4.0 ev are 
also shown in Figs. 2 and 3. (It was found in this re- 
search that the linear threshold law for ionization of 
argon and xenon was obeyed within experimental error 
for at least 4 ev above the ionization potential. Thus it 
would appear reasonable to apply the correction for 
electron energies lower than about 10-15 ev above the 
ionization potential. At higher voltages the correction 
becomes comparable to experimental error and could 
be omitted.) 

The experimental curves should be compared with the 
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energy distribution originally assumed by Rosenstock 
et al.” and shown in Fig. 2. The disagreement is far 
beyond any experimental error. The distribution used 
by these authors was chosen to give best agreement be- 
tween calculated and experimental mass spectra. As 
will be discussed later, the energy range of this distribu- 
tion was exaggerated in order to compensate for a 
similar flaw in the calculated breakdown curves. A 
modified distribution, chosen by Knopf et al.'° according 
to Chupka’s® suggestion, is also shown in Fig. 2 and is 
seen to be in much better agreement with the experi- 
mental curve. 

The experimental curves may also be compared with 
some results obtained by Stevenson.'! Stevenson con- 
sidered the appearance potential obtained by linear 
extrapolation to be a measure of the average energy 
required for the formation of a particular ion. These 
energies, suitably weighted by the ion abundances, were 
summed to give the average energy acquired by a mole- 
cule in ionization by electrons of energy well above the 
ionization potential. Such a procedure depends upon 
precisely the same assumptions made here and indeed 
it can be shown that averages so obtained should be 
practically identical with those obtained from experi- 
mental curves such as those of Figs. 2 and 3, if they 
were extended to sufficiently high energies. The average 
energy F is defined by the equation 


p= |p Eyede ff Pi E)dE, (1) 


where P(£) is the probability of formation of ions of 
internal energy / and is given by the experimental 
curves of Figs. 2 and 3. Since these curves were not 
extended to sufficiently high energies to allow an accu- 
rate determination of £, a lower limit was obtained by 
graphical integration over the energy range shown in the 
figures. These lower limits are 2.1 and 2.4 ev for propane 
and n-butane, respectively, and may be compared with 
the values 3.1 and 2.8 ev obtained by Stevenson for 
these compounds. Reasonable extrapolation of the 
experimental curves could easily lead to the values 
determined by Stevenson. Thus the present results are 
not in disagreement with those of Stevenson. The 
quantity F is of less interest than the function P(£) 
which is given here over an energy range which accounts 
for by far the major fraction of ionization produced by 
electrons of moderate energies. 


B. Internal Energy Distribution—-Comparison 
of Theory with Experiment 


It is of interest to consider the general form of P(£) 
expected for saturated hydrocarbons. In general, three 
kinds of electronic states may be expected. These are 
formed by. (1) simple removal of a valence electron, 

0 A, Kropf, E. M. Eyring, A. L. Wahrhaftig, and H. Eyring, 
J. Chem. Phys. 32, 149 (1960). 

1 T). P. Stevenson, Radiation Research 10, 610 (1959). 
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(2) removal of a valence electron together with simul- 
taneous excitation or removal of one or more remaining 
electrons, and (3) removal of nonvalence, inner-shell 
electrons. Process (3) will occur only at much higher 
energies (i.e., roughly 280 ev for carbon atoms) than 
those considered here and will not be discussed further. 
1. Simple electron removal. An analysis of the molecu- 
lar orbitals of long chain saturated normal hydrocarbons 
has been made by Hall'*'’ and Lennard-Jones and 
Hall." By treating such molecules mathematically as 
an infinite sequence of CH» groups but imposing such 
boundary conditions as to give the molecule the correct 
length, these authors were able to obtain simple expres- 
sions for the energies of the molecular orbitals. The 
general distribution of these energies is such that there 
is a band spread about the value (a—b) and two inter- 
acting bands around ¢ and (a+6), where a, b, and ¢ are 
certain energy parameters which are evaluated by 
comparison of calculated and experimental ionization 
potentials. Unfortunately it has not been possible to 
decide whether the first ionization potential corresponds 
to the lowest member of the band spread about the 
value (a—6) or the lowest member of the two interact- 
ing bands at ¢ and (a+6). The present data also do not 
lead to an unequivocal decision. Figures 6 and 7 show 
the experimental energy distributions together with the 
electronic energy leveis calculated using the two differ- 
ent assumptions for propane and n-butane. Parts (B) 
of the figures show the electronic energy levels calcu- 
lated according to Lennard-Jones and Hall'* using the 
assumption (1) that the observed ionization potential 
corresponds to removal of an electron fromasymmetrical 
molecular orbital localized mainly over the C—C bonds 
of the molecule, i.e., the lowest member of the interact- 
ing bands at ¢ and (a+b). The constants used in the 
calculation are the same as those determined by 
Lennard-Jones and Hall. Parts (C) of the figures show 
the electronic levels calculated according to Hall'* using 
the assumption (2) that the observed ionization poten- 
tial corresponds to removal of an electron from an 
antisymmetrical molecular orbital localized over the 
C--H bonds, i.e., the lowest member of the group 
spread about (a—6). In the calculations using assump- 
tion (1) the values of (a—6) and the appropriate inter- 
action parameters are undetermined and hence the 
states spread about this value are shown in parts (B) 
of the figures as one level (of degeneracy equal to the 
number of carbon atoms in the molecule) located at 
some energy less than —12.0 ev which is the value of 
(a+6). Similarly, in the calculations using assumption 
(2) the value of (a+6), c and the appropriate interac- 
tion parameters are undetermined. The states of unper- 
turbed energy (a+) are shown as one level (of degen- 
eracy equal to the number of carbon atoms) located at 


2G. G. Hall, Proc. Roy. Soc. (London) A205, 541 (1951). 
8G, G. Hall, Trans. Faraday Soc. 50, 319 (1954). 
“ |. Lennard-Jones and G. G. Hall, Trans. Faraday Soc. 48, 
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Fic. 7. Experimental energy distribution compared with cal- 
culated electronic energy levels of n-butane. (A) experimental 
curve, (B) energy levels calculated according to assumption (1), 
(C) energy levels calculated according to assumption (2) as ex- 
plained in text. The height of a line is proportional to the de- 
generacy of the energy level. 


some energy greater than — 13.04 ev which is the value 
of (a—b) determined according to assumption (2). 
The value of c is completely undetermined in this case 
and the states corresponding to this energy are shown 
by dotted lines located arbitrarily at — 12.1 ev to give 
best agreement with the experimental curves. Both 
calculations neglect two states corresponding to the two 
extra C—H bonds on the end carbon atoms. These two 
states, labeled X in the figures, are placed arbitrarily 
at — 13.3 ev in parts (B) of the figures and at — 11.5 ev 
in parts (C) of the figures to give best agreement with 
the experimental curves. If one now makes the addi- 
tional assumption that the cross sections for removal of 
valence electrons are all approximately equal, it is seen 
that assumption (1) is in fair agreement with experi- 
ment. It is difficult to compare assumption (2) with 
experiment since the energies of most states are undeter- 
mined. It may be possible to find a set of reasonable 
parameters which will give results in agreement with 
the experimental curves. A quick attempt to find such 
a set was unsuccessful and the search was abandoned 
in view of the uncertainties and highly arbitrary nature 
of the process. Thus the evidence is far from conclusive 
although it may be considered to provide some support 
for assumption (1) as used by Lennard-Jones and Hall. 

Further complications should be mentioned. The 
parameters determined by these authors may not be 
nearly invariant for all molecules and in fact this must 
be true if their calculations using assumption (1) are 
valid. The latter calculations lead to the value of 
(a+b) =—12.0 ev while Hall has shown that for 
methane (a—6b) = —13.04 ev and (a+b)=—16.5 ev. 

Since the determination of the values of the param- 
eters is based on the assumption that ionization poten- 
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TaBLeE I. Comparison of ionization potentials determined by 
electron impact with vertical ionization potentials determined 
by photoionization. 


Band 
median 
(ev) 


Electron 
impact I. P.%® 
(ev) 


Vertical 
I. P.® 
Molecule (ev) 


10.25+0.03 .28+0.04 10.30 
.92+0.04 


. 7640.04 


acetaldehyde 
acetone 9.75+0.03 
me-et-ketone 9.55+0.03 
ethylamine 9.5+0.1 9.32+0.04 
9.4+0.1 9.17+0.04 


10.5+0.1 10.46+0.04 


n-propylamine 


n-propanol 


tials measured by electron impact correspond to the 
vertical transition, it is of interest to examine this 
assumption. The small amount of experimental evidence 
on this point strongly suggests that this assumption is 
incorrect. The only quantitative test of this assumption 
would appear to be a comparison of electron impact 
values of Morrison and Nicholson” with vertical ioniza- 
tion potentials determined by Hurzeler et al. as shown 
in Table I. In all but two cases the two values differ by 
much more than the limits of error or reproducibility 
claimed by the authors and the mean of the absolute 
values of the deviations is 0.14 ev. Watanabe’ has noted 
that in the case of the halogenated benzenes, this devia- 
ticn is probably about 0.4 ev. There seems to be little 
reason to expect that vertical ionization potentials are 
precisely determined by the usual electron-impact 
methods. The electron-impact ionization § efficiency 
curve for the parent ion is determined by the sum of the 
regions of the band envelopes for all transitions which 
result in a stable parent ion (lifetimeS 10~ sec). This 
composite curve is determined not only by the band 
envelope for the transition to the ground state of the 
ion but also by those for transitions to nearby excited 
states below the lowest dissociation limit. This curve is 
further affected by the occurrence of ‘“‘hot bands,” by 
the possible occurrence of autoionization, by the lowest 
dissociation energy of the molecular ion which deter- 
mines the position of the high-energy cutoff, and by the 
original thermal internal energy of the molecule which 
determines, at least in part, the shape of the cutoff. To 
a first approximation, in cases for which the resulting 
transition probability curve for the parent ion is rela- 
tively narrow, conventional electron-impact experi- 
ments might be expected to determine the median 
energy of this curve. Such values were determined from 
the photoionization data of Hurzeler et al. and are given 
in the last column of Table I. The mean deviation of 
these values from the electron-impact ionization poten- 
tials is 0.05 ev. The complete analysis of the meaning 
of the ionization potentials of large molecules as deter- 


18 J. D. Morrison and A. J. C. Nicholson, J. Chem. Phys. 20, 
1021 (1952). 
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mined by conventional electron-impact methods is 
certainly more complicated than this but will not be 
pursued here. 

The above considerations lead to the conclusion that 
the electron-impact ionization potentials of Honig," 
whose technique was duplicated by Morrison and 
Nicholson, and whose values were used by Lennard- 
Jones and Hall, are not as accurate as supposed. The 
quoted error of +0.02 ev almost certainly represents 
only the reproducibility of the measurements and a 
more reasonable probable error would be in the range 
0.1-0.2 ev. Even more serious is the possibility that 
much of this error is systematic and varies monot- 
onically with molecular size, since several of the factors 
affecting the form of the ionization efficiency curve will 
vary in this fashion. The resulting errors in the param- 
eters calculated by Lennard-Jones and Hall could pro- 
duce not just shifts of all energy levels by one or two 
tenths of a volt but even larger shifts in their relative 
positions. More accurate parameters could be obtained 
from the analysis of the appropriate derivatives of total 
ionization efficiency curves obtained with monochro- 
matic electrons or photons. 

In view of the above uncertainties and within the 
rather large experimental error, the theory of Lennard- 
Jones and Hall, employing assumption (1) appears to 
be adequate in explaining the internal energy distribu- 
tion of propane and n-butane ions produced by electron 
impact. The theory then provides a method for calcu- 
lating such distributions for the higher paraffin molecu- 
lar ions. Until better parameters are available, those of 
Lennard-Jones and Hall may be used together with the 
value (a—b)=—11.8 ev for locating the antisymmetric 
states. The interactions which spread these states may 
either be neglected or considered to be of the order of a 
few tenths of a volt (e.g., the value of (g—/) of reference 
12 may be of the order of 0.4 ev). The two undetermined 
states, corresponding to the 2 neglected C—H bonds 
on the end carbon atoms, may either be omitted or else 
located at about 13.3 ev as in parts (B) of Figs. 6 and 
7. The latter procedure is certainly arbitrary and unsat- 
isfactory and its only justification is the apparently 
improved agreement with experiment. Typical band 
envelopes may be constructed for each state and then 
summed to give the desired distribution. As an example, 
such a distribution was constructed for the propane ion 
and is shown in Fig. 8. The states at (a@—b) were taken 
to be degenerate and the two undetermined states 
placed at 13.3 ev. The form of the band envelope used 
for each state was suggested by those of Hurzeler et al.® 
and is shown as a dotted line for the ground state. The 
ordinates of each band envelope were made proportional 
to the degeneracy of the level. (This is equivalent to the 
previous assumption that the cross sections for removal 
of valence electrons are all equal. This assumption is 
certainly not precisely true, but is the most reasonable 


16 R. E. Honig, J. Chem. Phys. 16, 105 (1948). 
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assumption that can be made in the absence of further 
information). The difference between the vertical and 
adiabatic ionization potentials shown by the band 
envelope is 0.3 ev which is suggested by Watanabe’s’ 
qualitative description of the photoionization cross 
section as a function of energy. There is a slight incon- 
sistency in this procedure, since if this difference is 
correct, the parameters used in the calculation of ener- 
gies should be changed somewhat. However, sufficient 
data are not available to allow any such refinement. 

In order to obtain the distribution curve for total in- 
ternal energy (including the original internal thermal 
energy of the molecule), the product of the curve of 
Fig. 8 and the internal thermal energy distribution 
should be integrated over the entire energy range. The 
major result of this operation would be a smoother 
curve. This curve would be the appropriate one for use 
in the calculation of mass spectra by the statistical 
theory and would be more satisfactory than the com- 
pletely arbitrary distributions heretofore assumed. 

2. Electron removal plus excitation. Process (2), in 
which a valence electron is removed and one or more 
remaining electrons are simultaneously excited, will 
produce states with energies ranging up to that of the 
incident electron. The density (number per unit energy 
interval) of these states will be greater than that of the 
states produced by process (1) and will increase rapidly 
with energy. However, this process involves the simul- 
taneous excitation of two or more electrons and, in 
analogy with the case of optical spectra, the cross 
section for such a process is expected to be much smaller 
than that for a process involving the excitation of only 
one electron. This expectation is further supported by 
the very low probability of double ionization'* which is 
a special case of this process. Doubly charged ions gen- 
erally account for less than 1% of the total ionization 
for large organic molecules. It may be expected that a 
large fraction of such doubly-charged ions dissociate to 
singly-charged ions. However, due to coulombic repul- 
sion, the resulting ions would possess appreciable kinetic 
energies. Only very small amounts of ions with appreci- 
able kinetic energies are observed in the mass spectra 
of large organic molecules and much of the observed 
amounts are probably of other origin. Even allowing for 
lower transmission of ions with high kinetic energy it is 
unlikely that multiple ionization is responsible for more 
than about 5 to 10 percent of the ionization produced 
by electrons of moderate energy (~100 ev). 

Upon examination of the curves of Figs. 2 and 3, it is 
very reasonable to associate the high-energy tail with 
process (2). The states produced by process (2) may 
overlap those produced by process (1) to some extent. 
The major contribution of process (2) is very likely 
made by ionization plus simultaneous excitation of only 


7G. Herzberg, Atomic Spectra and Atomic Structure (Dover 
Publications, New York, 1944), 2nd ed., p. 153. 

FH. Field and J L. Franklin, lectron Impact Phenomena 
(Academic Press Inc., New York, 1957), p. 184. 
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Fic. 8. Calculated energy distribution curve for propane. The 
smoothed dotted curve with high-energy tail is an example of 
the type of curve appropriate for use in a statistical calculation 
of a mass spectrum. 


one electron, for reasons similar to those given above. 
A crude prediction of the density of such states near the 
second ionization potential might be given by a set of 
Rydberg levels, each originating in one of the states 
produced by process (1) and terminating at the second 
ionization potential (~30 ev). Higher excited states 
would mostly autoionize in a time of the order of 10~ 
sec!® to produce doubly-charged ions. Thus autoioniza- 
tion would probably occur more readily than dissocia- 
tion which would require at least 107 sec, although 
some autoionizations of appreciably longer half-lives 
are known. Since double ionization contributes only a 
negligible amount to total ionization, the contribution 
of process (2) may be considered to be negligible above 
about 30 ev. By considering the abundance of ions 
which are produced predominantly at energies in the 
range of process (2), it may be concluded that the total 
contribution of process (2) is very roughly 20% of the 
total ionization for propane and n-butane. A detailed 
knowledge of the contribution of process (2) to the 
internal distribution must await further experiments. 
In the theoretical construction of internal energy dis- 
tribution curves for paraffins, a high-energy tail compa- 
rable to those shown in Figs. 2 and 3 might be added. 


C. Internal Energy Distribution and Randomization 


It is of interest to examine one of the major postulates 
of Rosenstock ef a/.? in the light of the above interpreta- 
tion of the experimental energy distribution. Rosenstock 
et al. postulate that the rapid energy transfer necessary 
for the applicability of a statistical theory occurs by 
radiationless transitions among the many potential 
surfaces of the molecular ion. They calculate that the 
average spacing between electronic states for the pro- 
pane ion is about one millivolt, while the thermal 
vibrational energy is several hundred times larger. They 
therefore conclude that the necessary number of cross- 
ings exist. However, the present interpretation leads to 
the conclusion that the major fraction (~80%) of the 


19G, Wentzel, Z. Physik 43, 524 (1927). 
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Fic. 9. Breakdown curve for propane according to Rosen- 
stock et al. 


ions are produced in electronic states with an average 
spacing of about 0.35 ev for propane and m-butane while 
the average thermal vibrational energy is about 0.10 
and 0.18 ev respectively at 400°K.5 (The situation im- 
proves rapidly with molecular size since both the density 
of states and the internal thermal energy increase 
approximately linearly with hydrocarbon chain length.) 
Thus the number of crossings of potential surfaces is 
drastically reduced from the estimate of Rosenstock ef 
al, and their postulate of rapid energy transfer by this 
mechanism is placed in serious doubt. There is some 
evidence’ that energy transfer among vibrational modes 
purely as a result of anharmonicity is sufficiently rapid 
in at least-some instances. However, the interconversion 
of electronic and vibrational energy is also required by 
the present form of the theory. Such transfer is certainly 
not excluded by the present interpretation. The energy 
gap between two electronic states must be larger than 
the total atomization energy of the lower state in order 
to exclude, on this basis alone, the possibility of crossing 
of potential surfaces. Since the atomization energy of 
the propane ion is of the order of 40 ev this is obviously 
not the case here. However, if the energy gap between 
the ground state and the first excited electronic state of 
the ion is greater than its thermal (plus Franck- 
Condon) vibrational energy, then transfer of energy 
among normal vibrational modes of the ion in the 
ground electronic state obviously cannot occur by the 
mechanism of radiationless electronic transitions. Such 
is the case for the lower n-alkyl amines® and is very 
possibly the case for the lower n-alkanes if the present 
interpretation is correct. The question as to whether the 
two processes of energy transfer usually provide the 
necessary energy randomization required by a statistical 
theory is far from answered. The data of this experiment 
give no evidence of any gross absence of energy randomi- 
zation. In particular, the ionization efficiency curves for 
the parent ions show no upward breaks at energies above 
the onset of fragmentation. In an earlier paper® it was 
stated that when ‘‘a (normalized derivative) curve for 
any ion drops to zero or even begins to decrease with 
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increasing energy, it should never thereafter show any 
sharp increase at higher energies if energy randomiza- 
tion is attained before dissociation or radiation occurs.” 
Exceptions to this statement can occur for fragment 
ions produced by two or more different reaction paths 
requiring quite different energies. However the state- 
ment remains valid for parent ions and those fragment 
ions which can be produced by only one reaction path. 
The general structure of the experimental breakdown 
curves may be considered as evidence in favor of efficient 
energy randomization. This evidence is appreciably 
weakened by the rather large errors and poor energy 
resolution of the data which would obscure all but some 
of the grossest effects of nonrandomization. 


D. Breakdown Curves 


As was pointed out in an earlier paper,> normalized 
derivative curves such as those of Figs. 4 and 5 corre- 
spond to the breakdown curves calculated by the 
method of Rosenstock et al.2 These authors have calcu- 
lated such a set of curves for propane and the result is 
shown in Fig. 9. A comparison of Figs. 4 and 9 shows a 
qualitative similarity between the calculated and experi- 
mental curves. However, as previously observed for the 
case of n-propanol,’ there is a gross discrepancy in the 
energy scales. This discrepancy is in such a direction as 
to indicate that the calculated rates of decomposition 
vary much too slowly with energy. This quantitative 
defect of the theory is compensated for by the arbitrary 
choice of an energy distribution which is much wider 
than the experimental one as shown in Figs. 2 and 3. 
This conclusion was also reached in an earlier study® and 
the subsequent modified calculations of Kropf et al." are 
in agreement with it. 

The qualitative agreement between calculated and 
experimental breakdown curves for propane provides 
some support for the basic assumptions of the statistical 
theory of mass spectra. Due to the rather large errors 
and low energy resolution of the data, the evidence is 
certainly not conclusive. However, it may be concluded 
that well over half of the ions produced from electron 
bombardment of propane appear in a manner consistent 
with the qualitative predictions of the statistical theory. 

While no breakdown curves were calculated for n- 
butane, the experimental curves of Fig. 5 are for the 
most part consistent with the breakdown scheme pro- 
posed by Rosenstock.” There are indications of the 
increasing complexity that is to be expected with larger 
molecules. This is a result of the increasing number of 
reaction paths which can produce a given ion. Thus, 
while the C:H;* ion may be produced at the lowest 
energies by decomposition of C3H;*+ as proposed by 
Rosenstock, the curves of Fig. 5 indicate that at higher 
energies it may also be produced by decomposition of 
C.H;+ and C2H,* ions. 


20H. M. Rosenstock, Ph.D. thesis, University of Utah, 1952. 
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Experimental results about diffusion of He and Kr in liquid He are given. Quantum deviations are ana- 


lyzed with the principle of corresponding states. 


INTRODUCTION 


ITH regard to transport phenomena, many 
experimental data are available concerning the 
viscosity of quantum liquids. However little is available 
regarding diffusion in the same substances. 
In a previous paper! we reported the diffusion coefh- 
cient as a function of temperature of Ne, HT, and D, 
in liquid hydrogen between 15 and 20°K. We have 


Hydrogen inlet | 


to pump 











Fic. 1. Schematic diagram of diffusion apparatus. 


found large deviations, consisting essentially in a value 
for the total diffusivity much higher than one could 
expect from classical liquids. 

We give here the results obtained on the diffusion of 
other tracers, namely Kr and He in liquid hydrogen, 
in order to investigate the behavior of quantum devia- 
tions as a function of the quantum parameters of the 
diffusing substances. 


APPARATUS AND EXPERIMENTAL PROCEDURE 


A schematic diagram of the apparatus with the details 
of the diffusion chamber is shown in Fig. 1. 

The technique is essentially the same as the one previ- 
ously used for the diffusion coefficient measurements of 
tracers in liquid argon? and nitrogen. The diffusion of a 
mixture (Kr®°-H» or He*-H2), condensed in a 10 « 


* Present address: c/o Consiglio Nazionale delle Ricerche, 
Istituto Nazionale di Metrologia, Sezione Termometrica, Torino, 
Italy. 

1G. Cini Castagnoli, A. Giardini Guidoni, and F. P. 
Phys. Rev. 123, 404 (1961). 

2G. Cini Castagnoli and F. P. Ricci, J. Chem. Phys. 32, 19 
(1960). 
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copper chamber, is allowed to proceed for a certain 
time ¢ into a slab filled with pure liquid hydrogen. The 
capillaries, of diameter 0.04 cm and length @ ~ 2 cm, are 
drawn in brass and sealed in a copper block. The sealing 
of the ends of the capillary is performed with needle 
valves which are adjusted from the top of the apparatus 
at room temperature. The temperature of the chamber 
is maintained by putting it in a liquid Hz bath which is 
boiling under constant pressure (controlled within less 
than 5 mm Hg by means of an oil-differential manom- 
eter). The pressure on the diffusing mixture is kept 
constant at about 1.5 atm. 

Making good seals at the needle valves and avoiding 
thermal inputs from the outside of the chamber (which 
produce turbulent diffusions), were the main difficulties 
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lic. 2. Counting apparatus. 

in working at liquid Hy temperatures. For these reasons 
the connection lines of the present diffusion cell to the 
filling system have a lower heat conduction than those 
used for the liquid argon experiments, and the needles 
are sharper (giving a somewhat lower precision of the 
capillary length measurements) .” 

As is well known,’ the diffusion coefficient D can be 
evaluated from the average concentration cz in the 
capillary after diffusion (the initial concentration is 
zero in our cases), the concentration c, of the tracer in 
the bath, the length Z of the capillary and the time ¢ of 
the diffusion. We make sure that there are no variations 


3 W., Jost, Diffusion (Academic Press Inc., New York, 1952), 
p. 37. 
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TABLE I. Experimental results for Kr—Hy diffusion. 


Length 
of the 
capillary (cm) 


Run 


Time Temperature D 
No *K 


(sec) (°K) (cm?/sec X 10°) 


19.70+0.03 16.7+4.0 
19.40+0.03 


1 2.45+0.05 7200 


2 2.45+0.05 14 400 


13 .74:2.8 


T=19.6°K D=14.742.3 


in the concentration of the bath mixture during diffu- 
sion by removing a sample from the chamber before and 
after each diffusion. The gas removing system is very 
close to the lines coming out of the Dewar in order to 
avoid losses and fractioning during the sampling. More- 
over, a high-vacuum gauge on this line allows us to 
check the vacuum (10~* mm Hg) in the diffusion appa- 
ratus before and after each run. The samples are re- 
moved from the capillary 7 times with the Tépler pump 
in order to reach this reading on the vacuum gauge. 

In this paper we report the diffusion coefficient meas- 
surements made on a 10-°-% mixture of Kr®* in He (the 
solubility is extremely low) , at a temperature of 19.6°K, 
and on a mixture of about 1%» He‘ in He at temperatures 
between 15 and 20°K. In the first case, c, and ca were 
measured by counting the activity of the Kr—H» sam- 
ples. The counting apparatus is shown in Fig. 2. A thin 
glass-wall GM tube (Mullard MX133) designated by 
Ain the diagram (Fig. 2), was sealed into a glass enve- 
lope, B, 10 cm long and 3.5 cm in diameter, by means 
of red-sealing wax C. This section was surrounded by 
5 cm of lead shielding to reduce the background. A 
manometer, D, indicates the pressure in the counting 
system, the readings being performed with a cathetom- 
eter. 


TABLE II. Experimental results for He—He diffusion. 











Length of 
the capillary 
(cm) 


Run 


Time Temperature D 
No. 


(sec) (°K) (cm?/sec X 10°) 





20.25+0.05 
20.25+%0.05 
14.90+0.03 
17.38+0.03 
17 .380.03 
17.25+0.03 
19.50+0.03 
15 .40+0.03 
18 .30+0.03 


1 2.23+0.05 
.23+0.05 
.23+0.05 
.19+0.05 
-19+0.05 
.68+0.05 
-61+0.05 
-61+0.05 
-61+0.05 
-45+0.05 


7.90+0.20 
-40+0.60 
.75+0.30 
.70+0.20 
.50+0.20 
.74+0.30 
.62+0.50 
.55+0.20 
.69+0.40 


8760 
10 800 
8700 
16 260 
7800 
14 400 
10 800 








4c. was always equal to ¢ for Kr diffusions. This supports the 
view that Kr was really dissolved in Hz and not in microscopic 
crystallites randomly distributed. 
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Fic. 3. Diffusion coefficient of He in liquid Hg: as a function of 
temperature, at constant pressure. 


The active sample transferred from the diffusion 
capillary, gives rise to a pressure in section D of about 
5 cm Hg, which was measured with a precision of 1%. 
The counts from a sample were found to be proportional 
to the pressure. Two-hour counts were taken on each 
diffusion specimen, and one-hour counts on each stand- 
ard specimen, in order to reduce statistical counting 
errors. The concentrations c, and ca were given within 
an error of 3%. After counting, the system was flushed 
with dry air, and pumped for 10 min, after which time 
the background count returned to normal. The concen- 
tration measurements of the He-H,: samples were per- 
formed instead with an “Italelettronica SPZIF, 2/3 
sector analyzer mass spectrometer” with a precision of 
1%. 


EXPERIMENTAL RESULTS AND DISCUSSION 


The diffusion coefficient D is obtained by solving the 
well-known differential equation for the one-dimensional 
diffusion with our boundary conditions.” 

The experimental results are listed in Tables I and 
II. Runs Nos. 4, 5, 9, 11, 15, and 17 for the He-H, diffu- 
sion at ~20°K were discarded because C1 C2, indicat- 
ing that turbulence occurred during the time of diffu- 
sion.4 The errors in D are determined, taking into 
account those due to the concentration measurements 
and those due to the length of the capillary. 

The weighted mean of the values obtained for 


Tas _e III. Diffusion coefficients of binary mixture in liquid H2 
at 20°K and predicted values. 








Dexpt 


Digg at 20K i. 


cm?*/sec X 10° 


Deate 


Tracer in He cm?/sec X 105 





152 0.995 1542 
7.5540. 
5.550. 


10.6+0.3 


.10+0.1 0.81 


.10+0.1 0.92 


.60+0.2 0.72 











DIFFUSION OF Kr AND 


D(Kr-Hg) at 19.6°K is 
D(Kr-Hs) = (14.742.3) X 107° cm?/sec. 


The best fit of the experimental values of D( He-He) 
between 20 and 15°K is 


D(He-Hz2) = 20 exp[ —20/T ]X 10~5 cm?/sec, 


which is shown in Fig. 3. 

First we shall consider here the available data on the 
diffusion coefficients of binary mixture in liquid H, at 
20°K. In Table III these values are reported together 
with the values predicted by the principle of correspond- 
ing states.® We have previously verified that this princi- 
ple applies very well to binary diffusion coefficients 
in liquid argon and nitrogen. We can see in column 
4 of Table III that the deviations from the principle of 
corresponding states due to quantum effects, become 
very important for liquid Hz. We may therefore expect 
the quantum deviations from the classical principle to 
depend upon the magnitude of a parameter which 
expresses the importance of diffraction effects due to 
the wave nature of molecules. This parameter is 


Aa* = h/ouw ( M€i) i 


which is the reduced De Broglie wavelength of a system 
of two particles® with mass m;, m, 


(ma=2mym,/Lm +m, ]) 


and intermolecular radius and energy o1=}(oi:+01), 
€:1= (@°@:)'. The subscripts 7 and 1 refer to the tracer 
and to the liquid hydrogen, respectively. In Fig. 4 we 
have plotted Dexp/Deatc aS a function of Aa*. The curve 
is merely indicative and traced by eye. It seems that in 
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Fic. 4. Dexpu/Deate in liquid Hz at 20°K for different tracers 
against quantum parameter Aj*=[/t/ou (mien)? ). 


5G. Cini Castagnoli and F. P. Ricci, Nuovo cimento 15, 795 
(1960). 

6 The values of m, e, and o for the substances listed in Table III 
are taken from J. De Boer, Physica 14, 139 (1948). 
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Fic. 5. Do* = Do(oi;/0;;?) (mi;/ej)! as a function of A;;**. 


liquid hydrogen at 20°K, a minimum in the quantum- 
deviations occurs in a range of A* values around Aj\*, 
i.e., for self diffusion. 

Owing to the very low solubility of Kr in Hy, it isnot 
easy to measure with accuracy the D(Kr-H2) value at 
temperatures lower than 20°K. However the data on 
He, De, and Ne, seem to maintain a behavior similar 
to Fig. 4, even at lower temperatures. 

Looking at the experimental results for D( He-He) 
given in Fig. 3, we can see that it is still possible to fit 
the data with an Arrhenius law. The activation energy 
in this case, however, is significantly different from that 
of D( Ne-H2) or D(D2-Hg2). On the contrary, in classical 
liquids the activation energy always has been found® to 
be independent of the nature of the tracer. In the case 
of He in He however, AH has the same value as the 
energy kT, and the meaning of the activated process 
under these conditions is not clear. 

In order to give a possible phenomenological explana- 
tion to the large value obtained for the diffusion coeffi- 
cient D(Kr—Hg2), one can assume that an Arrhenius law 
still holds for diffusion in quantum liquids! and that 
the activation energy is independent of the nature of 
the tracer (excluding helium). This was found! for the 
diffusion of D2, HT and Ne in liquid Hy. By, then apply- 
ing the principle of corresponding states to the pre- 
exponential factor Dy*®, we can see (Fig. 5) that the re- 
duced values of Do as a function of the parameter A,;*? 
for binary diffusions of Kr, Ne, De, and HT in Hz, lie 
well on a smooth curve with the value of Do found for 
argon self-diffusion. 
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The nature of collisions leading to reactions of hydrogen atoms of high kinetic energy (in the form of re- 
coil tritium) is investigated. Two extreme models, both originally due to Libby, are examined. One assumes 
very weak coupling by valence bonds in the molecule attacked, so that the reaction can be represented by a 
quasi-elastic atom-atom collision (billiard-ball model) and the other assumes strong valence bond coupling 
(epithermal model). Calculations on the billiard-ball (hard sphere) model of the reaction T*+CH,>H+ 
CHsT leads to an estimate of its relative cross section as a function of energy. An isotope effect for reaction 
with CH, and with CD, is calculated and measured experimentally. Consideration of both the calculations 
and the experimental results indicate that the billiard-ball model is unimportant in the reactions of gas 
phase hot hydrogen (as recoil tritium), and that reactions occur nearly exclusively at less than 10-20 ev of 
kinetic energy, by mechanisms involving strong bond coupling. The possible importance of the billiard-ball 


model in the reactions of other hot atoms is briefly discussed. 


INTRODUCTION 


EVERAL recent studies of the properties of recoil 
hydrogen have shown that hot hydrogen atoms can 
efficiently displace hydrogen atoms and other atoms 
and groups.'” This class of reactions appears to occur 
in a single step of the type 


RH+T*—RT-+H, 


and there is evidence that its course is governed pri- 
marily by steric considerations, i.e., the direction and 
point of impact.’ Such reactions do not occur with 
thermal hydrogen but have a threshold of about 2 to 
3 ev. In this paper we inquire into the nature of the 
collision which can lead to such hot displacement 
reactions, 

There are two possible models for momentum and 
energy transfer in hot hydrogen reactions. Both were 
first enunciated for hot atom reactions in general by 
Libby.*# 


1. Billiard-Ball Model’ 


At high kinetic energies of the incoming atom 
(>10-20 ev) bond energies appear relatively small, 
and the time scale of the collision is short compared to 
vibrational relaxation. The molecule thus appears to 
the hot atom as a weakly coupled collection of atoms. 
The impact is not well transmitted by the bonds, and 
the event approximates a quasi-elastic collision with a 
single atom in the molecule. The energy lost by the hot 
atom tends to appear as kinetic energy of the atom 

7 Studies undertaken in partial fulfillment of the requirements 
of the B.S. degree at Yale University, New Haven, Connecticut. 

1M. Henchman, D. Urch, R. Wolfgang, Can. J. Chem. 38, 
1722 (1960). This article gives references to relevant earlier 
papers. 

* D. Urch, R. Wolfgang, J. Am. Chem. Soc. 83, 2982 (1961). 

3W. Libby, J. Am. Chem. Soc. 69, 2523 (1947). 

'M. S. Fox, W. Libby, J. Chem. Phys. 20, 487 (1952). 


struck rather than as internal energy of the molecule. 
The displacement reaction will occur in such a collision 
if two conditions are satisfied: (a) the struck atom 
must have received enough energy in the collision to 
break the bond holding it to the molecule; (b) the 
incoming atom must be left with a low enough energy 
to form a bond with the remaining radical. 

A mechanical model of such a billiard-ball displace- 
ment in methane would show a methyl radical as 
providing a potential well in which a hydrogen atom 
may rest. Displacement occurs if the incident hot atom 
transfers enough kinetic energy to this hydrogen atom 
to eject it from the well, and loses enough energy in the 
process so that it itself becomes trapped in the same 
potential well. 


2. Strong Coupling Model (‘“‘Epithermal’’ Reactions’ 
in Libby’s Notation) 


As a hot atom is slowed to energies approaching that 
of valence bonds, the time scale of its collisions becomes 
comparable to that of vibrational relaxation. The weak 
coupling condition progressively breaks down until at a 
sufficiently low energy the reaction loses all billiard-ball 
character. The molecule appears to the incoming atom 
as a system strongly coupled by its valence bonds. Not 
only the atom struck but neighboring atoms as well 
will absorb the momentum of the impact. The collision 
is essentially inelastic and much of the energy of the 
hot atom appears as internal rather than as kinetic 
energy of the products. 

In a billiard-ball displacement process energy is 
transferred in an elastic atom-atom collision to the 
ejected atom. The probability that an incoming hot 
atom of given energy will eject the atom struck and be 
itself left with little enough energy to be bound may 
therefore be calculated by simple application of 
momentum and energy conservation conditions. The 
isotope effect in the billiard-ball displacement of 
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hydrogen from CHy and CD, thus computed (see below) 
is very large since the ratio of masses of the struck H 
and D atoms is directly determining. On the other 
hand, the inelastic or strong coupling mechanism is 
much less sensitive to the mass of the hydrogen struck, 
since the neighboring carbon atom provides the 
major momentum sink and since the excess kinetic 
energy is dissipated as internal modes of motion. 
Although the exact isotope effect expected for this 
mechanism is difficult to calculate precisely, it will be 
much smaller (at least an order of magnitude) than 
that for billiard-ball collisions. A measurement of the 
hydrogen-deuterium isotope effect can thus provide an 
indication of the relative importance of mechanisms | 
and II in the displacement reactions of recoil tritium. 
This paper presents such a measurement of the 
relative probabilities of the displacement reactions, 


T*+CH,>CH;T+H 
T*+CD.->CD;T+D, 


as initiated by hot hydrogen in the form of tritium 
recoiling from nuclear reactions. The experimentally 
determined isotope effect is compared with that 
calculated for a pure billiard-ball displacement.? Such 
a comparison provides the basis for an evaluation of 
the importance of billiard-ball collisions in the reactions 
of recoil tritium in the gas phase. 


CALCULATION OF THE ISOTOPE EFFECT 


The experimental procedure described subsequently 
utilizes recoil tritium produced by the He*(n, p)T 
reaction, as the source of hot hydrogen. The hydrogen 
atoms thus have a continuous, though well defined, 
range of energy.® Making use of the collision theory 
previously developed® it is possible to measure the 
isotope effect as the ratio of two integrated cross- 
sections for the displacement reaction in CH, and CD, 


¥op( Ex)ong 
len= | P\ ; a. 
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"p(Ea)ovs 


on] I oh E, th 


and dk. 


Icp,= 


(1) 


Here /), is the energy of the incident tritium atom and 
p( 4) is the probability that a collision at energy /, 
results in a displacement reaction. Hy and F; are the 
upper and lower limits, respectively, of the energy 
range where the reaction is possible. 

In this section Jou, and Jcp, are calculated theo- 


5 The isotope effects calculated here relate to those resulting 
from the application of momentum conservation laws. The 
influence of mass in slightly affecting bond energies, which forms 
the basis of most isotope effects in thermal reactions, is negligible 
for hot reactions in which excess energy is available. (In any 
case, the calculations in this paper do take account of the differ- 
ences between strengths of the C—H and C—D bonds.) 

6 Pp. Estrup, R. Wolfgang, J. Am. Chem. Soc. 82, 2665 (1960). 


EFFECT IN 


REACTION H+CH, 2003 
retically on the basis of the billiard-ball model. This 
involves the following assumptions: 


(1) Only collisions with hydrogen atoms can lead to 
reaction. 

(2) Such collisions are elastic; no energy is trans- 
ferred to the rest of the molecule. 

(3) The displacement reaction occurs if the struck 
atom receives kinetic energy exceeding its binding 
energy and if the incident hot atom is left with less 
kinetic energy than its bonding energy to the carbon 
atom. 

(4) To facilitate the calculation the hydrogen atoms 
are assumed to be spherical and integrations are 
carried out over all possible impact parameters. This 
procedure ignores: (a) the shielding by the methyl 
groups which precludes certain angles of approach; 
(b) the fact that certain collisions, specifically those in 
a cone around the C—H bond axis,!” lead to abstrac- 
tion rather than displacement.’ These factors indicate 
that the /’s computed will only be upper limits for the 
billiard-ball displacement. However, since the geometry 
of CH, and CD, do not differ significantly, the ratio 
Icp,/Icu, should not be greatly affected by these 
approximations. 


A further assumption involves the use of classical 
mechanics in the computation. This is justified since at 
an energy of 10 ev the de Broglie wavelength is 5.25X 
10-°A, well below the atomic radius. 

Consider the collision of a hot atom (subscript /) 
with a struck atom (subscript s) at an angle @ with 
respect to their line of centers. It can readily be shown 
(see Appendix I for derivation and Fig. 5) that the 
ratio G(@) of the energies of the atoms after collision, 
respectively, /,’ and /;’, is given by 

; E,' 4k cos?é 

G(6) =—= - 
Ey’ (1+k)?—4k cos*é 
where & is the ratio of the masses, k=m,/mp. If the 
initial energy of the hot atom is £, and that of the 
struck atom, £,=0, then 


E,= E,'+E,' 
Enx= Ex’'(1+G(6) J=E,'T1+1/G(8)]. (3) 


The reaction occurs if #,’>E) and E,;’< Ey where Ly, 
is the bond energy (assumed to be the same for both 
atoms). The energy of the hot atom must then be 
within the limits 


k= H[1+G(8) |, 
Ex= Ex(1+1/G (6) ]. 
These limiting loci are shown in Fig. 1 giving @ as a 
function of /;,/, for collisions with CH4. 
7 Experimental results obtained in this study indicate that the 


ratio of abstraction to displacement is the same in CH, and CD, 
(see Fig. 4). 
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Fic. 1. Maximum possible angle @ for which _billiard-ball 
collision can lead to displacement reaction, CHy+T*—-CH;T+H 
vs. £,/E, for CHy. 


At energies lower than £; the reaction is not possible. 
Just above £; only a head-on collision (@=0) can 
eject the struck atom, but at higher energies collisions 
over an increasing range of @ provide sufficient energy 
for the ejection. As the energy increases further, 
reaction at larger @ again becomes impossible because 
the incident particle retains too much energy to be 
bound. Finally, at 2, only a head-on collision will 
cause a reaction. The maximum @ will be at E,=2E 
and G(6) =1. 

We shall now compute the probability, p( £,), thata 
collision at energy E will satisfy conditions (4a) and 
(4b). It can readily be shown (see Appendix II) that 
the geometrical probability of a collision between angles 
0 and @ is 

q=1-—cos"6. (5) 


Two cases are then considered: 


Case I, Ex, <2). 
The maximum possible angle for reaction is then given 
by (4b), 

Ey, = EoL1+1/G(8) ] 


|. (0) 


Combining (6) and (2), 


cos’é = ( Ep/ Ex) [(1+k)*/4k ]. (7) 
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Fic. 2. Probability of displacement reaction on billiard-ball 
collision of tritium with methane, as a function of the kinetic 
energy. 
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Substituting (7) into (4), 


p( Ex) =1—[(1+k)2/4k](2s/ Ex). 


Case II, E,>2E. 
The maximum possible angle for reaction is then given 


by (4a), 


(8) 


E,= E[1+G(8@) J. 
Combining (9) and (2) and substituting into (5), 


p( E,) =1-—[(1+k)?/4k J1— B/E, ). 


(9) 


(10) 


4-CD, 
O-CH, 
o-CH, Estrup & Wolfgang 


intercept = 0.282 
slope =-—0.06! 
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Fic. 3. Analysis of experimental results on displacement reac- 


tions. The value of 
“8)( Ey) 
=f ME) on, 
E, &s 
is given by the intercept at f/a=0. 
These probabilities for the billiard-ball reaction on 


collision are plotted vs log FE in Fig. 2 for both CH, 
and CD,. Now, 
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Then, by manipulations shown in Appendix III, 
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(12) 


Substituting for 7*+CD,, k=2/3, and for T*+CH4, 
k=1/3, 


Top,/Icu,= 3.06. 
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DETERMINATION OF THE ISOTOPE EFFECT 


The experimental determination of Jon, and Icp, 
was carried out using the method described previously.® 
Mixtures of He*, CH,, and He‘; and mixtures of He’, 
CD,, and He‘ were irradiated in the Brookhaven re- 
actor. The fate of the recoil tritium produced was 
determined using gas chromatography with a_pro- 
portional counter detector. The data are plotted in the 
manner prescribed by Estrup and Wolfgang’ in Figs. 3 
and 4. Here A;/A, is the fraction of tritium reacting 
to give product i, f is the mole fraction of CH, weighted 
for the relative collision cross section with T, and a is 
the average logarithmic energy loss per collision of the 
tritium atom. 

Within the limits of error, the data fall on a common 
straight line. The cross-section integrals are given by 
the intercept at f/a=0: 


Iop,=/cn,=90.29+0.04. 


The data for the abstraction reaction are not directly 
relevant here but are included in Fig. 4 for reference. 
They also show no isotope effect greater than 20%. 
This may be compared to the findings of Lee e¢ al. that 
there is a small tendency in favor of H abstraction from 
CH2Ds. The fact that a straight line is not obtained 
for abstraction has been discussed previously.® 


DISCUSSION 


Failure of the Billiard-Ball Model for Recoil Tritium 

Evidently, the isotope effect is so small as to be 
within the limit of error. Since on the basis of a pure 
billiard-ball model an isotope effect Jep,/JcH,=3.06 
would be expected, it is clear that this mechanism is an 
unimportant factor in the displacement reaction of 
recoil tritium. A collision leading to such a reaction 
will generally be of an inelastic nature with strong 
valence bond coupling of the atoms in the molecule 
struck. This conclusion, that mechanism II (strong- 
coupling model) is dominant, was expected on the basis 


1.0 
4-CD, 


O-CH, 
O-CH, Estrup & Wolfgang 








2.0 
f/a 


Fic. 4. Analysis of experimental results on the abstraction 
reaction of tritium in methane. 
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Fic. 5. Geometry of the collision. 


of previous observations that alkyl groups and halogen 
atoms could be replaced by recoil tritium. These 
entities are too massive for replacement in a pure 
billiard-ball event. 

The complete absence of any evidence for billiard- 
ball character in the displacement reactions may at 
first sight be somewhat surprising. However, a closer 
examination of the quantitative aspects of this model 
shows this to be reasonable. Figure 2 shows that the 
collision cross section in which the billiard-ball mo- 
mentum requirements are satisfied is highest at lower 
energies (<10-20 ev). This, however, is precisely the 
energy region in which the weak-coupling assumption 
breaks down and where displacements would not have 
billiard-ball character. At higher energies this assump- 
tion should be progressively better satisfied. There is 
still a considerable energy range above 20 ev in which, 
as shown in Fig. 2, the displacement reaction could 
occur in CD,. Since there is no such range in CHy, an 
appreciable isotope effect would still be expected if 
there were a relatively significant number of displace- 
ment reactions having billiard-ball character at these 
high energies. However, two factors greatly diminish 
the probability of such reactions. One is the /, in the 
denominator in the expression for J. The other is the 
small range of impact angle @ and the resultant small 
cross section p(£,) (Fig. 2) over which the momentum 
requirements for billiard-ball replacement are met. The 
value of the cross-section integral J above 20 ev, 


” PEW) a 


20 ev En 
for CD, as calculated on the basis of the billiard-ball 
model is only 22% of its total value over the entire 
energy range. Thus, when the obvious limitation of the 
billiard-ball model at lower energies is taken into 
account, only a small isotope effect would be expected. 
The fact that none whatever is observed is not sur- 


prising. It indicates that even at 20 ev a pure billiard- 
ball event is unlikely. 
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Fic. 6. Geometry of the col- 
lision. 








Probability of Very High Energy Reaction of Recoil 
Tritium 


At this point it is appropriate to summarize the 
situation regarding the probability of hot hydrogen 
reactions at high energies (>20 ev). The results just 
discussed show that the billiard-ball mechanism is 
probably not important in gas phase reactions of hot 
hydrogen. The alternative mechanism LI, the strong 
coupling or inelastic collision model (epithermal 
mechanism in Libby’s original notation), can also be 
expected to be ineffective at high energies. There are 
two reasons for this: (1) As the energy increases, 
valence bond coupling necessarily becomes relatively 
less important, and collisions tend to become atomic 
or billiard-ball; (2) At higher energies it becomes 
difficult to satisfy the requirement of the strong- 
coupling mechanism that the excess energy of the hot 
atom appear as internal modes of energy. Because of 
the small size of the hot hydrogen atom and its high 
velocity (even below 10 ev) the collision it makes is 
localized and its duration is only of the order of a 
bond vibration. Its energy can therefore be deposited 
only in the one, two, or possibly three bonds directly 
struck.’ Thus, if the hydrogen atom’s energy exceeds 10 
ev the energy sinks available to it will not be adequate 
to slow it sufficiently so that it may be captured by the 
molecule struck. The products observed from the reac- 
tion of recoil tritium with hydrocarbons have provided 
confirmation for this view of inelastic hot atom col- 
lisions. These products are not those that would be 
expected if the hot reaction had deposited more than a 
few electron volts of exitation energy in the molecule 
struck. Actually, 90% of the yield can be accounted 
for by the rupture of only a single bond in the reacting 
hydrocarbons.'? Highly degraded products (such as 
allene from butane) which would be formed by the 
de-exitation with bond rupture of highly excited inter- 
mediates are formed in less than 1% of all the reactions. 

Thus, there appears to be no satisfactory mechanism 
by which a hot hydrogen may react to become bound 
at energies greater than 10-20 ev. The probability of 
displacement reaction upon collision p(£,) appears to 
rise from zero at a threshold of about 2 ev to perhaps 


»M. Henchman and R. Wolfgang, J. Am. Chem. Soc. 83, 


2991 (1961). 
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2 and then drops again to near zero when the energy 
exceeds 10 ev. A more exact evaluation of this excita- 
tion function will probably have to await the develop- 
ment of appropriate atomic beam techniques. 


Billiard-Ball Mechanism for Other Gas Phase 
Hot Atoms 


The most favorable condition for billiard-ball dis- 
placement is between atoms of very similar mass. Thus, 
this mechanism might be expected to be much more 
significant for hot halogen reactions than for those of 
recoil tritium. By the methods developed here we have 
evaluated the cross section p( £,) for which billiard-ball 
momentum requirements are satisfied for the reaction 


Br?*+CBr,'—>CBr,;*'Br’+ Br! 


On integrating this we find that, despite the much 
higher energy limit, the value of the cross-section 
integral J from 20 ev to 78 200 ev is still only 21% of 
its total value over the total energy range. This suggests 
that even for displacements of atoms of similar mass 
the billiard-ball mechanism is quantitatively unim- 
portant compared to the low energy inelastic processes. 


Billiard-Ball Mechanism in Liquids and Solids 


It should be noted that the above considerations apply 
in their simple form only to gas phase reactions. As 
pointed out by Libby,’ the cage effect in the con- 
densed phase makes it more difficult for the projectile 
atom to escape following billiard-ball displacement. 
Thus even though it may not become bound in the 
initial collision, it may be held in the same solvent 
cage with the radical just created and can eventually 
combine with it. This secondary process could sig- 
nificantly increase the probability molecular incorpora- 
tion as a result of billiard-ball collisions. 

ACKNOWLEDGMENTS 

One of the authors (R. J. C.) wishes to acknowledge 
support by an N.S.F. undergraduate summer fellowship. 

This work was sponsored by the U. S. Atomic Energy 
Commission. 


APPENDIX I 


Referring to Fig. 5 and applying and 


momentum considerations, we have 


energy 


% sind=;’ sina, (11) 
v, Cosd =v,’ cosa+k2,’, 
vy? = 042+ ko,”, 
where k=m,/mnh. 
Then, from (11), 


cosa =[(vn’2— 1? sin’O)!/2," |}. 





ISOTOPE EFFECT 
From (12) and (14), 
Vp, COSA = (v»/2— 2 sin?9)*+-ko,’. 
From (13) and (15), 
(v/2+-kv,'?) 4 cos) = ("2 = vy’? 


(15) 


sin’?@— kv,’2 sin?@)!+-ky,’. 
(16) 

Squaring and simplifying, 
30, (1—k) =(2,' 


Squaring and simplifying, 


2 cos’?@—kv,’? sin’6)}. (17) 


tvs? (1+k)?— kv,” cos’d =" cos*6, (18) 


v4/"/ dn? = (4 cos’) /L(1+k)?—4k cos’6 ], (19) 


F,!/ Ey! = (4k cos) /[(1+k)2—4k cos’0]=G(8). (110) 


APPENDIX II 


The collision of two spheres is represented as the 
collision of a point with a sphere of combined collision 
radius (see Fig. 6). The probability that a collision will 
occur between @ and 6+d6 is the probability that the 
collision will occur on a circular strip around the sphere 
cut off by @ and @+d6. The area of this strip is 
2rr sinérdé. The probability, dg, that a collision will 
occur between @ and 6+-<d@ is the projection of this area 
on a plane perpendicular to the path of the colliding 
atom divided by the projection of the whole sphere, 


dq = (2rr sinérd8 cos@) /rr? = sin26d0. 


IN REACTION 


f=\n Ext 


At E; and Es, 6=0 (see Fig. 1), G(@) 


H+CH, 2007 


The probability that a collision will occur between 0 
and @ is 


8 
q= | sin26d0 =4—%4 cos20=1—cos"6. 
0 


APPENDIX III 


Eb | 1+k)? Fs 
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FE Ey 4k Ep 
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(1112) 
1 FE, Es 
[=n a “(ine +, Es 1), (11I3) 
=4b/(1—k)?. 
y= Fil 1+1/G(6) J=[(1+h)2/48 Ep 
[see (6) in main text] (III4) 
Fs= Fal 1+G(6) J=[(1+2)2/(1—) 1B 
[see (9) in main text ] 
4k (i+s)" (1+k)? 
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The absolute reaction-rate theory for the unimolecular decomposition of isolated excited molecules is 
applied to two models. The first considers the molecule as a set of harmonic oscillators in which only a finite 
amount of energy may be stored in a particular degree of freedom. In the second model the spacing between 
adjacent levels is assumed to decrease exponentially. The first leads to a decrease in the lifetime above that 
calculated for the conventional harmonic oscillator model for short-lived molecules. The second produces 
an increase depending directly on the rate of change of the level spacing. 





INTRODUCTION 


URRENT theories of the unimolecular decomposi- 

tion of molecules and ions are based on one of two 
approaches. In the first type of theory, due principally 
to Slater,'? an energized molecule decomposes when 
the various excited normal modes are properly phased 
so as to produce an extension of a chemical bond be- 
yond a critical length. It is assumed that energy transfer 
among normal modes does not occur. The second 
type of theory, due principally to Rice and Ram- 
sperger® and to Kassel,® focuses attention on the 
energy content of the internal degrees of freedom. 
It is assumed that the internal energy is continually 
being redistributed and that when a sufficient amount 
of energy has accumulated in a particular degree of 
freedom, the molecule will decompose. In recent years, 
this approach has been reformulated in terms of abso- 
lute reaction-rate theory by Marcus,® Eyring,’* and 
co-workers. 

In spite of the great conceptual differences between 
the two models, they lead to very similar equations 
for the unimolecular decomposition rate of an energized 
molecule 

k( E) =v(1—@)/E)", (1) 


where £ is the excitation energy of the molecule, and 
€o9 is the activation energy for decomposition. The 
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parameter m is, in the Slater model, related to the 
number of normal modes m, contributing to the critical 
extension of the bond and, in the Kassel model, the 
number of oscillators or degrees of freedom nx whose 
internal energy can contribute to the decomposition. 
The two models lead to nearly the same numerical 
result if ms—1=2(mx—1). The frequency factor » is, 
in the Slater model, a weighted average of the normal 
frequencies; in the Kassel model it is the frequency of 
redistribution of the internal energy. In the Marcus 
and Eyring formulation it is, in the simplest case, the 
frequency of that degree of freedom of the reactant 
which has been transformed into a translation along 
the reaction coordinate. 

The comparison of these theories with experiment is 
based, for the most part, on the pressure dependence of 
the unimolecular rate constant. This test, which con- 
tains implicitly some simplifying assumptions con- 
cerning the energization of molecules by collision,® 
reveals that sometimes one model fits the data and 
sometimes the other.!® Very frequently it is necessary, 
in order to fit the data, to assume a Kassel model in 
which the effective number of oscillators is reduced 
below the total number of vibrational degrees of 
freedom. Plausible reasons have been advanced for this 
type of assumption.’°"! However, these considerations 
do not as yet lead to generalizations useful for a priori 
calculations. 

In recent times another test of unimolecular reaction 
rate theory has been provided by the statistical theory 
of mass spectra.’ In this theory, the processes leading to 
the formation of a mass spectrum are considered to be a 
series of consecutive and competing unimolecular 
decomposition reactions of excited molecule-ions. Ap- 
plication of unimolecular reaction-rate theory leads to 
the consequence that, for a given configuration of the 
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OSCILLATOR MODELS 
activated complex and for a given (assumed known) 
activation energy, molecule-ions can decompose with 
any one of a range of lifetimes, depending on the 
amount of excitation energy imparted to them in the 
ionization excitation act.’” Of particular importance 
in the present connection is the fact that in a mass 
spectrometer one can observe decomposition processes 
occurring at a rate of 10°-10° sec. These give rise to the 
so-called metastable ions. With the development of 
photoionization techniques," it was found possible to 
study the dependence of the rate constant in this range 
as a function of the excitation energy imparted by 
photionization. It is of considerable interest, therefore, 
that this fundamentally different avenue of experi- 
mental verification leads to the current conclusion that 
mass spectral data can be fitted by a Kassel-type model 
only if the effective number of oscillators is much 
reduced. Wahrhaftig and co-workers have carried 
out calculations on propane mass spectra and_ find 
that the data can be fitted with either the full number of 
oscillators or a reduced number.”:'® However, the 
conclusions based on the theory of mass spectra must 
be treated with caution because of the sensitive de- 
pendence of the results on the activation energies 
assumed for the processes. 

In any event, the situation regarding agreement 
betwegn theory and experiment is such as to call for 
further examination of the theoretical models. In this 
paper some new results are presented resulting from 
two modifications of the oscillator model of unimo- 
lecular reactions. One modification is a physically more 
realistic enumeration of the number of configurations, 
incorporating the assumption that only a limited 
amount of energy can be stored in any one degree of 
freedom. This problem has been discussed briefly by 
Slater.” A second modification is to incorporate the 
effects of anharmonicity into the oscillator model. This 
problem has been discussed by Slater’ in his for- 
mulation of unimolecular reaction rates. 


MICROCANONICAL RATE CONSTANT 


If one considers only molecules having excitation 
energy between E and E+6E, a microcanonical for- 
mulation of absolute reaction rate theory is appropriate. 
In brief, one assumes an equilibrium between reactant 
molecules of energy FE and activated complexes of the 
same energy in which an amount €p is localized as 
potential energy and an amount between e, and €,+de, 
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is localized as kinetic energy, both in the reaction co- 
ordinate. The expression for the density of translational 
states per length of the reaction coordinate is 


peer) = (21/h) (2u/er)}, (2) 


where yu is the reduced mass of translation. The rate of 
passage r in the forward direction along the reaction 
coordinate is 


r=v/1= (2e,/p)*/21 (3) 


and the rate constant is 


af, E—€9 pt ( E. €0, €t) 
K(E) =| ~——— 
ey aa 


where one has averaged over all possible values of the 
translational kinetic energy €:. 
For the case of NV harmonic oscillators one obtains 


and assuming all frequencies unchanged in going from 
the energized to the activated state 


K(E) =v(1—€/E)*—. (6) 


An integration of Eq. (4) over a Boltzmann distribution 
of energy readily recovers the standard form obtained 
with the use of partition functions.” 

Recalling that the energy levels of a harmonic oscil- 
lator are uniformly spaced, the number of states of a 
set of NV such oscillators having an energy equal to or 
less than E is obtained by computing the hypervolume 
in an N-dimensional quantum number space bounded 
by a hyperplane defined by 


N 
Yen 
i=1 


The volume is taken only of that hyperoctant in which 
all energies, or quantum numbers, are positive. This 
problem has been discussed by Tolman. 21 The result is 
for the total number of states W(E) 


W(E)=(1/e) TT (1) CEX/T(N+1)1, (8) 


where I is the gamma function. The density of states 
in the interval E to E+6E follows directly by differ- 
entiation. This method of enumerating is an approxi- 
mation in which quantum effects are ignored. 

Another significant approximation in the above 


development, the constraint (7), is unrealistic. If the 
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total excitation energy exceeds that required to rupture 
a bond other than the one in question, some distribu- 
tions of energy are still considered as contributing to 
the number of reactant states, even though sufficient 
energy has accumulated in another bond to rupture 
that one. It appears physically more appropriate to 
confine the enumeration of reactant states to those in 
which none of the bonds is excited to the point of dis- 
sociation. The constraints must then be 


- 
> 4:< E 
i=1 


and 


€ <€0;, (10) 


where €9; is the activation energy for rupturing the ith 
bond. The rate expression for this can be developed for 
the special case where all oscillators are identical in 
respect to activation energy for bond rupture. 


DENSITY OF STATES FOR BOUNDED OSCILLATOR 


The more complete set of constraints has the follow- 
ing geometric interpretation. The sum of energies 
being less than E defines a hyperpyramid bounded 
by the plane >_ ,e;= E and the N planes determined by 
setting each of the e; in turn equal to zero. The con- 
straint on each of the e; not exceeding ¢€, defines a 
hyperparallelepiped with edge lengths ej, or in the 
special case of identical oscillators, a hypercube of 
edge €. The volume consistent with both sets of con- 
straints is thus the volume common to the hyper- 
pyramid and the hypercube. 

The procedure for computing this volume will be 
illustrated in three dimensions. A rigorous mathe- 
matical proof will be published elsewhere. Consider the 
cube of edge €9 and the plane x+y+z= FE. When E is 
less than €, no value of the coordinates is greater than 
€) and the volume of the octant determined by the 
plane is entirely within the cube. It is a regular pyramid 
of slant height E and volume ?F°. As E increases to a 
value between €) and 2¢9, the pyramid volume extends 
out beyond the cube faces at each axis, forming three 
pyramids of slant height E—e€). The common volume is 
now 


( E3/3!) —[3( E—e)3/3!). (11) 


But now when F exceeds 2¢€9, the projecting pyramids 
overlap, generating regular overlap pyramids of slant 
height EH—2e). This must be subtracted, so that in the 
range 2e)< E<3e) the volume is 


FF 3(E—e@)*  3( E—26)? 


= (12) 
3! 3! 3! 


Alternately, in this last range the volume may be 
computed starting with the cube. Its volume is ©, 
but the common volume is decreased by the regular 
pyramid with its apex at coordinates (€0, €, €). The 
slant height of this pyramid is (3e— #), and its volume 
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is (3e9— E)*/3!, so that the common volume is 


e—[(3e0— E)3/3!], (13) 


which is identically equal to the volume computed by 
the previous method. 

In the general V-dimensional case the reasoning is 
analogous, using the fact that the volume of an .V-di- 
mensional regular pyramid of slant height / is IN/N! 
and the volume of an -dimensional cube of edge / 
ist". 

With this process of repeated correction of over- 
lapping pyramids in successive ranges of value of F, 
the result is readily generalized to the expression 


( — 1) mE mey |% 
(V—m) !m! 


K—1 


ViN=)>> 


m=() 


(K-—1l)e<E<Ke (14) 
for the common volume Vx. It can also be verified for 
the four-dimensional cube in the case 3e< E<4e by 
comparing the result using the above equation to the 
expression 


'§=e'—([(4eo— E)*/4!] (15) 


obtained by computing the common volume considering 
a four-dimensional cube whose corner (€, €0, €0, €0) is 
truncated by the four-dimensional plane x;+«2+43;+ 
x4= E with 3e9< E<4e. 

Since the density of states of a single harmonic 
oscillator is uniform and equal to 1/hv one obtains for 
the density of states of V loosely coupled bounded 
harmonic oscillators of equal frequency » and equal 
dissociation energy vo. 


: : N 
p(y, E, €o, N) = 


(hv) m=0 ( N- m ) 'm! 


where K is defined by the relation 
(K—1l)e<E< Keo. 


This is a polynomial with a number of terms depending 
both on the number of oscillators and on the amount of 
excitation energy F, expressed in terms of multiples of 
the dissociation energy €o. 


MICROCANONICAL RATE CONSTANT 


The microcanonical rate constant is now obtained as 
before, using Eq. (4). One must be careful, however, 
in the integration of p* over the translational kinetic 
energy ¢ It is convenient to introduce the term 
nonlocalized energy’ E’ referring to that amount of 
energy out of the total E which is available for ran- 
dom distribution among the oscillators. In the case 
of the activated complex, the nonlocalized energy 
is equal to E’=E—e—e,.. It is apparent from the 
density of states function [Eq. (16) ], and from the 
fact that one integrates over all possible values of «€:, 
from zero to E—e, that the amount of nonlocalized 
energy varies from E—e to zero. Accordingly, the 
integration over e, must be broken into a succession 





OSCILLATOR MODELS IN 


of regions with a density function appropriate to each 
range of values of the nonlocalized energy. 

When e<FL<2e, the integration over e€; occurs 
entirely in the interval where the nonlocalized energy 
lies between zero and €). Accordingly, the integral is 


E—€y 
/ p*(E, €, €, N—lA)der 


0 


de, 


oft V-1 [ ‘ol E—eo—er)4 2 
~ (Iw) 8p (N—1)! 
? .; [ E—e }* . 


~ (hv)*— (N=1)! 


(18) 


When 2e9< E<3e, the integration must be broken into 
two parts 


E—€o 
p?(€, €, €1, N—1)de, 


0 


N-1 f «[E—e@—e}— 
= any ee — oo de, 
(hy) I—2e9 (N-—1)! 


Ese Met ee 
(hv) XJ (V—1)! (V—2)! 


de, 


em N-1 ry N—1 
we 1 af BE ed... | ot | (19) 
(v)*| (V=1)! (N—2)! J 
Inserting the appropriate density function for the 
reactant molecules, which have V degrees of freedom 
and all energy nonlocalized, we obtain for the respec- 
tive rate constants 
[1—(e/E) 
kn=v— pe ae 
1—.\ [1— (€0)/ k) }* ; 


a when eS E<2e@ = (20) 


[1— (¢o/E) P= (N=1) [1 (2e0/E) 


\ ——[1— (2e,/E) 





i- N(i- (€)/E) Ia i. 


——" 


(21) 
when 2@< E< 3¢e0. 


This is readily generalized to 


> (—1 "1 — (meo/ E) 

maar (N—m) !(m—1)! 
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m=O (N—m) !m! 
where (n— 1) ep E<nep. 


LIMITING HIGH-ENERGY FORM OF 
CANONICAL RATE CONSTANT 
The form of rate constant derived above for the 
bounded harmonic oscillator increases more rapidly 
with £ than does the rate constant for the unbounded 
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stant. 


Effect of boundedness on the unimolecular rate con- 


harmonic oscillator. For the latter case it is readily 
seen from the expression k( £) =v[1—(€/£) }%— that 
the limiting rate is vy, the bracketed expression tending 
to unity as E increases. The rate constant for the 
bounded case, however, does not reach such a finite 
value. 

Consider the number of states for the reactant 
molecules in the energy range (V—1)e.< E< Ne. It is 
convenient to write this in the form of a hypercube 
volume minus the one hyperpyramid projecting beyond 
the hyperplane 


V = €_" —[( Ney- Ek) N N tI], 


p(E) =dV/8E=N(Neo— E)*—/N}, (23) 
which vanishes as / approaches Vo. Since this is in the 
denominator of the rate expression, the rate constant 
goes to infinity as the energy of the molecule approaches 
No. 

This behavior of the rate constant, although at first 
glance disconcerting, is in fact physically more correct 
than is true of the unbounded harmonic oscillator. The 
essence of the absolute rate-theory method for calcu- 
lating a rate constant is to postulate an equilibrium 
between reactants and activated complexes, compute 
the equilibrium concentration by statistical mechanical 
methods and independently formulate a rate constant 
for the decomposition of the activated complexes. In 
the bounded harmonic oscillator case, the reason for the 
infinite rate constant is that there are many more 
states available for the activated complexes, than for 
the reactants as the excitation energy increases. In the 
limit = Neo, there are no more reactant states, subject 
to the bound that e;<e, and the ratio is infinite. This 
suggests a definite limitation on the absolute rate- 
theory method for this model. The finite limit on the 
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rate constant for the unbounded harmonic case is the 
result of the increasing error in including into the 
reactant states ‘‘virtual”’ states in which the energy in 
one or more particular degrees of freedom exceeds the 
dissociation energy. The variation of the rate constant 
with energy is shown in Fig. 1, both for the bounded 
and the unbounded cases for two values of V. The 
values of .V have been chosen solely for computational 
convenience, and correspond approximately to a six- 
atom and a nine-atom molecule. It is seen that for 
molecules with low excitation energy, the correction is 
negligible. In particular, assuming a frequency of about 
10° sec, the correction is negligible for species with 
lifetimes of the order of a microsecond, such as meta- 
stable ions in the mass spectrometer. However, the 
rapidly increasing deviation at higher energies suggests 
that the pressure dependence of the unimolecular rate 
constant may be changed by this constraint. This 
should be studied further. 


CANONICAL RATE CONSTANT 


If the microcanonical rate constant is averaged over a 
Maxwell-Boltzmann distribution, one obtains for the 
unbounded oscillator model the well-known Arrhenius 
expression 


fe E)p(E) exp(— E/RT)dE 
0 


——————- =» exp(— E/RT). (24) 
/ p(E) exp(— E/RT)dE 


0 


H. M. ROSENSTOCK 

The corresponding averaging process for the bounded 
oscillator model is somewhat more complex. The upper 
limit of integration extends only to Neo. Further, the 
integrands contain polynomials with the number of 
terms depending on the value of the energy. Hence, the 
integral is broken into a set of integrations over an 
interval €), and becomes 


Neg 
1=[ k(E)p(E)"exp(— E/RT)dE 
£0 


N n—1 


—— 


_ (hv) n= m=! 


(—1)"™"! exp(—me,/ RT) 
(N—m) !(m—1)! 








(n—m)e9 
x x—! exp(—x/RT) dx. 


(n—m—1) €9 
Integrating by parts and rearranging, one obtains 
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1=v(N—1)'(RT/w)* >> > 
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In summing over and m, many of the terms in brackets 
cancel pairwise because the first term for given m and m 
equals the second term for a corresponding n—1 and m. 
Thus one obtains 


(— 1 “ag exp ( —ne/ RT) v1 (€o/ RT)? 
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The partition function is obtained in an analogous manner from the integral 
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by successive integration by parts. One obtains finally for the canonical rate constant the rather lengthy expression 


k(T) =(v/N) 
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OSCILLATOR MODELS 


Now for most reactions of interest ¢/R7T>>1. In this 
case the second terms in the numerator and denomi- 
nator are small compared to the first because of the 
factor exp[—(N+1)e/RT]. Neglecting these, the 
expression simplifies to 


k(T) =v exp(—e/RT) 


Xt (= 1)" exp(—reo/RT) 


pur (N—r) Ir! 





(N—r) 
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which can be rewritten in the form of exponentials as 


k(T) =v exp(—e0/RT) 





(1—exp(—€0/RT) }¥—exp[—(N—1)60/RT] (28) 
[1—exp(—e/RT)*—exp(— Ne / RT) es 
Numerically this result is negligibly different from the 
Arrhenius expression, in agreement with the earlier, 
more approximate treatment of Slater.!® The reason for 
this negligible difference is that the bounded oscillator 
correction to the microcanonical rate constant occurs 
significantly only at such high excitation energies that 
the properly weighted contribution to the canonical 
rate constant is negligible. 


ANHARMONIC OSCILLATOR! 


In the oscillator model, considerations of anhar- 
monicity center on the problem of the proper enumera- 
tion of states. The potential function of the oscillator 
appears only implicitly in determining the density of 
states as a function of energy. In contrast to Slater’s 
treatment, anharmonicity effects in all oscillators will 
be considered; the degree of freedom transforming into 
the reaction coordinate is not singled out for special 
attention. 

In this modification of the harmonic oscillator model, 
two facts are immediately apparent. First, anhar- 
monicity always produces a gradually decreasing 
spacing of levels with increasing energy, i.e., the density 
of states increases with energy. Second, at a finite value 
of the vibrational energy corresponding to the dissocia- 
tion energy, the density of states becomes infinite. This 
second fact makes use of the bounded oscillator treat- 
ment mandatory. However, some insight into the 
general effect of anharmonicity can be deduced readily 
without this restriction, and will be confirmed later by 
more exact considerations. 

If there is no restriction on the amount of energy 
that may be retained in any reactant degree of freedom, 
the total number of vibrational states of an assembly 
of N oscillators having a total energy of EF or less is 
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given by the integral 
w=]. : - for(erdox(«) +++ pn (en) dedeo* + den 


subject to the restriction 


N 
Dex E, 
i=] 


where e¢; is the energy of the 7th oscillator and p;(€;) is 
the density of states of the 7th oscillator. This is closely 
related to the Dirichlet integral” which can be written 
in the form 


iE . fas Myo tale e ey 'N— dada + + day (30) 


subject to the restriction >> i<F. The value of the 
integral is 


| ig 11) I(t) sch -T'(ty) 
P(atht:+>+in+1) 


In the case of harmonic oscillators, which have a con- 
stant density of levels equal to 1/hv, one obtains the 
total number of levels 


W =(EY/N!)[1/(hy)¥J, 


from which the unbounded oscillator rate equations 
follow readily. This is the semiclassical approximation 
for enumerating states. If, however, the density of 
levels increases with energy and p(£) can be repre- 
sented by an ascending power series in E, the number 
of levels W will also contain terms of a higher power 
than EY’, and the rate equation will change corre- 
spondingly. For example, a linear dependence of level 
density on energy will lead to 


W =[E28/(2N) Y]01/(hv) 2] 


and the system will behave as if the number of effective 
oscillators were twice the number of molecular oscil- 
lators, i.e., the rate will decrease. These considerations 
suggest that a more realistic density of states function 
may significantly affect the pressure dependence of 
the rate constant and, consequently, the conclusions 
concerning the effective number of oscillators. 

For the anharmonic oscillator defined by the equa- 
tion 





Firttiet:: sty, 


€=hy(v+4) — (A’v?/4e0) (v +3)? 
the density of vibrational levels is 
p(e) =1/hv[1— (€/eo) }, 


where v is the vibrational quantum number and €» is 
the dissociation energy referred to the potential 
minimum. The expression for the anharmonicity 
constant in terms of h, v and € follows from the Morse 


(31) 


2 Reference 21, p. 656. 
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states, 


treatment of 
density of 


anharmonic oscillator.2? With this 
the total number of states for an 
assembly of V such oscillators with an energy equal to 
or less than E may be expressed formally by the 


V-fold integral 
N N 
W=(h* [Ip ) f+ TIL= (ei/en) lide 
=! i=! 


with the restrictions 


N 
eX KE, 
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In the present case, 


(32) 


O<e;<e;. 


the additional restriction on the 
maximum amount of energy in a given oscillator is 
essential since the density function tends to infinity as 
€ approaches ¢€, and becomes imaginary for e>e. 
This type of restriction is not inherent in the Dirichlet 
integral. 

Although we have not been able to carry through the 
development for this case, it is of interest to see how this 
problem can be transformed to a common-volume 
problem in hyperspace, analogous to the bounded 
oscillator case. 

We assume all oscillators identical and use the 
transformation “= 2[1— (€/e) }!. With this transforma- 
tion, the integral becomes 


W = (€o, iw) f-- -fduy-+-duy, 


which is just a volume integral. 
form as follows 


(33) 


The constraints trans- 
0<e;S Ee) 0< ui< 2. 


N N 
ex E> >DouZ>4[N—( 
i=l i=i 


In the u space these constraints are satisfied for that 
volume, in the positive hyperoctant, which lies inside a 
hypercube of edge 2 and lies outside a hypersphere of 
radius R=2[N—(e/e) }!. We have been unable to 
compute this volume for any case of interest. 


E €) |. (34) 


EXPONENTIAL OSCILLATOR 


In view of the intractability of the anharmonic oscil- 
lator problem it appei -ared worthw hile to carry out the 
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analysis for a solvable case which retains the essence of 
the above, namely, one retaining the bound on the 
maximum energy in an oscillator and characterized by a 
level density which increases with energy. This is so 
for the so-called exponential oscillator, in which there is 
an exponential increase in level density with energy, i.e 
p(€) =exp(ae) /hy, (35) 


where a is an arbitrary parameter. For a set of NV 

identical coupled bounded oscillators one can write 

immediately for the density of states 

t (—1) NC E—je 
(N—j)! 7! 


exp(ak)& 
(hv)* j=0 
where (K—1l)e< E< Ke. 
For the activated complex with energy e) and & 
localized in the reaction coordinate one can write a 
similar expression, using the definition «= H—¢€—e:, 
N-1 43 (-1)/ 
(hv) X35 -0 





py( E) = , (36) 


exp(ax) [x—jeo ¥~ 
nae Jao BS 





PN _* ( Ey€0, €é.) = 


(37) 
where (K—1)e<x< Ke. 

Averaging over all possible values of the translational 
energy €, we have again a double summation. Now in 
integrating over e€, the range of x is from E—e€ to 0. 
From 0 to € there is only one term in the polynomial. 
From €) to 2€) there are two, and so on. So the 7=0 term 
appears throughout the whole range of integration, the 
j=1 term only from ¢) to E—e, the 7=2 from 2¢9 to 
F—€) and so on. Hence the integral can be written in 
the form 

, (V-1)RR 
1 = Bago 
(kev) 9-9 (N—f—1) ! 9! 5g 
where jeySx<(j+1)e. Changing the 
limit to K—2 identifies this k with the 
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The integration is again carried out by successive 
integration by parts, yielding for the activated complex 
density of states 
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An instructive approximate form for the rate constant 
is obtained by noting that the expression in square 
brackets is just the remainder of approximating 
—exp{—alE—(j+1)e]} by the first V—1 terms of a 
series expansion. An upper bound on this remainder is 
obtained from Taylor’s theorem™ 


rem<a*—[E—(j+1)e}%"/(N—-1)!. (40) 


Using this upper bound, the rate constant reduces to 
the rate constant for the bounded oscillator case, 
multiplied by a correction factor exp(—aeo). It follows 
from this that the rate is reduced by at least the factor 
exp(—de ) and the reduction is greater as the rate of 
change of spacing between energy levels increases. 
Also, in this approximation, a corresponding decrease 
will occur in the canonical rate constant. 

For quantitative comparisons it is now necessary to 
evaluate the parameter a. A not too unreasonable 
procedure is to choose the parameter so that the total 
number of vibrational levels below the dissociation 
limit is equal to that for the anharmonic oscillator. In 
this case, a simple calculation using the density of 
states expressions for the two models shows that 
ae) = 1.26. Consequently the rate constant is reduced 
by at least a factor of 0.28. In Fig. 2 a graph of the rate 
constant as a function of energy is shown, calculated 
from the exact expression. It is seen that the reduction 
in the rate constant becomes larger at higher energies. 

A comparison of the density of states functions for the 
anharmonic and the exponential oscillator shows that 
the former varies less rapidly with energy at low 
energies and more rapidly at high energies than does 
the exponential function (see Fig. 3). This, together 
with the behavior of the rate constant strongly suggests 
that an analysis with a better approximation to the 
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Fic. 2. Comparison of unimolecular rates for the unbounded, 
bounded and exponential oscillator. 
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Fic. 3. Energy dependence of the density of statesJfor the 
harmonic, anharmonic, and exponential oscillator. 


anharmonic density of states might lead to a rate 
equation which has an energy dependence very similar 
to that of the original Rice-Ramsperger-Kassel model. 


SUMMARY 


The modification of the semiclassical oscillator model 
by the introduction of boundedness and anharmonicity 
does not have an appreciable effect on the calculated 
lifetime of molecules with lifetimes longer than about 
10-"° sec. 

For more highly excited molecules the calculated 
magnitude of the rate constant may differ significantly 
from the Rice-Ramsperger-Kassel model. In addition, 
the energy dependence of the rate constant may have 
a functional form differing from that of the Rice- 
Ramsperger-Kassel model. This change in functional 
form is related to the energy dependence of the vibra- 
tional density of states. The results suggest anhar- 
monicity may account for some of the disagreement 
between the number of oscillators of a molecule and the 
value of the parameter .V in unimolecular reaction 
theory required to explain the pressure dependence of 
the rate constant. 

In the case of molecules with comparatively long 
lifetimes, i.e., 10-° sec, the modifications of rate theory 
developed here can offer no explanation for the greatly 
reduced effective number of degrees of freedom which 
are required to fit the data obtained for such cases by 
mass spectrometry. In particular, the energy depend- 
ence of the rate constant is essentially unchanged. 
Marcus" has pointed out that the enumeration of 
vibrational states by means of the semiclassical Dirichlet 
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integral is an approximation which becomes poorer as 
the amount of excitation energy decreases. He has 
pointed out that the approximation is particularly 
poor for the activated complexes, which have a large 
part of the energy fixed in the reaction coordinate. It is 
possible that a large part of the problem in explaining 
the mass spectrometric results is due to the poorness of 
the integral approximation. 

Another aspect of the problem is the question of the 
validity of the equilibrium assumption fundamental 
to the absolute rate theory approach to chemical 
kinetics. This assumption has been questioned recently 
by several authors in connection with the theory of 
mass spectra. At the present time this assumption 
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remains unproven. It is entirely possible that the mass 
spectral results cannot be explained by an equilibrium 
chemical kinetics treatment. In this connection it is 
to be noted that, in contrast to conventional chemical 
kinetics, the reactants in the mass spectrometer consist 
of excited molecule-ions which have been formed in a 
certain (unknown) region of phase space by a Franck- 
Condon transition and, subsequent to this event, they 
remain isolated until they are collected prior to or 
subsequent to unimolecular decomposition. A proof 
that such a situation can indeed be approximated by 
an equilibrium treatment is a formidable task, and 
further work, both theoretical and experimental, is 
needed. 
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Organic Semiconductors. V. Comparison of Measurements on Single-Crystal and 
Compressed Microcrystalline Molecular Complexes* 
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Utilizing specialized micromanipulative techniques, measurements of conductivity, activation energy of 
conduction, and Seebeck coefficient have been performed on charge-transfer complex single crystals. The 
results are compared with previous measurements on compressed microcrystalline materials. 





I. INTRODUCTION 


N several earlier papers,' it has been established that 
the resistivities of charge-transfer complexes are 
generally lower than those of conventional organic 
solids, and that one can cover the range of poor in- 
sulator to nearly metallic behavior by suitable chemical 
and structural modifications of these complexes. It has 
been suggested!» that crystal structure is an extremely 
important factor in determining the electronic be- 
havior and that in many cases a chainlike crystal 
structure with alternate stacking of donor and ac- 
ceptor molecules exists in the more highly conductive 
complexes. 
The need for single-crystal measurements on mate- 
rials of this sort has been obvious to all workers. 
Measurements which indicated both rough agree- 


* These results were presented at the Inter-Industry Con- 
ference on Organic Semiconductors, Chicago, Illinois, April 
18-19, 1961. 

14a) M. M. Labes, R. Sehr, and M. Bose (Part IV), Proc. 
International Conference on Semiconductor Physics, Prague, 
Czechoslovakia, August 29-September 2, 1960, p. 850; (b) R. 
Sehr, M. M. Labes, M. Bose, F. Wilhelm, and H. Ur (Part 
III) , Proceedings Conference on Electronic Conductivity in Organic 
Solids, Duke University, April, 1960 (Interscience Publishers, 
Inc., New York, to be published); (c) M. M. Labes, R. Sehr, 
and M. Bose, J. Chem. Phys. 33, 868 (1960); (d) 32, 1570 (1960). 


ment” and wide disagreement’ in room-temperature 
resistivity have been reported but there was question 
as to the validity of some of these meaurements.'* The 
first report of activation energy of conduction and See- 
beck coefficient measurements on a charge-transfer 
complex single crystal was made only recently.'* Com- 
plete single-crystal measurements on the somewhat 
related anion-radical salt complexes involving tetra- 
cyanoquinodimethane have also appeared.® 

Although techniques of crystal growth are poorly 
understood for these materials, we have succeeded in 
growing some very small single crystals—nevertheless 
large enough to be handled by specialized micro- 
manipulative methods, which are described in the next 
section. In this paper, measurements on single crystals 
of three diamine-quinone complexes are reported and 
discussed in relationship to measurements on the com- 
pressed materials. 


Il. EXPERIMENTAL 


Using slow cooling or evaporative techniques, the 
molecular complexes were prepared from the solvents 


2 J. Kommandeur and F. R. Hall, J. Chem. Phys. 34, 129 
(1961). 

3R. G. Kepler, P. E. Bierstedt and R. E. Merrifield, Phys. Rev. 
Letters 5, 503 (1960). 
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CoHe 
CHCl; 
CHCl; 


1,5-Diaminonaphthalene-chloranil 


Diaminodurene-chloranil 


1,6-Diaminopyrene-chloranil 


indicated in Table I in the form of long flat needles or 
plates; microanalyses gave values in good agreement 
with the theoretical values for the 1:1 complexes. 

Crystallographic work is not yet completed on these 
complexes; we have identified the directions parallel to 
the three sets of faces of the crystal in terms of the 
arbitrary axes X, Y, and Z (Fig. 1). 

Two methods were used to study conductance in the 
X direction. Crystals of diaminodurene-chloranil and 
1,6-diaminopyrene-chloranil‘ were imbedded in a resin 
with their ends protruding, the ends were coated with 
Aquadag or silver paint, and the resulting molded 
samples were ground to the same shape as the pressed 
pellets previously studied." 

In addition another method’ of mounting has been 
used, sketched in Fig. 2. A crystal is braced against a 
glass slide by a probe held in a micromanipulator while 
silver cement electrodes are painted onto the Y-Z 
faces by means of a very fine copper wire. It is im- 
portant that these electrodes adhere to nothing except 
the crystal so that they cannot be pulled away from 
the crystal faces. The crystal is raised from the slide 
before the paint is dry. The final operation is to apply 
the small copper probes against the silver electrodes 
by holding the probes in two micromanipulators with 
the crystal between them. The probes are advanced 
toward each other until they grip the crystal under a 
small amount of spring tension (resulting from the U 
bends in the probes), and then the cement is poured 
between the probes and the glass slide. The cement 
applied is either an Epon resin or Sauereisen No. 1. 

For measurements in one of the short directions in 
the crystal a different system was found to be effective 
(Fig. 3). A thin film of Aquadag is drawn down over the 
surface of a copper plate. The thickness of the film is 
chosen to be small compared to the thickness of the 
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‘This compound was previously referred to as 3,8-diamino- 
pyrene-chloranil; “1,6” is the correct Chemical Abstract nomen- 
clature. 

5 W. C. Shaw, D. E. Hudson, and G. C. Danielson, Rev. Sci. 
Instr. 26, 237 (1955). 
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TaBLeE I. Microanalytical data on molecular complex single crystals. 
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crystal. Before the film is quite dry the crystal is 
pressed into it while being held at the waxed end of a 
flexible wire (the wax is used as an adhesive between 
wire and crystal). The crystal should be held in the 
drying film by the spring tension of the bent wire. 
When dry, the crystal is secured mechanically by a 
thin strand of Epon resin. When the resin is hard, silver 
cement is painted on the top face of the crystal with a 
very fine copper wire and allowed to harden. The copper 
plate is then cemented to a glass slide and a copper 
probe shaped as in Fig. 3 is pressed down against the 
silver face. In this operation the copper probe is held 
in a micromanipulator while the slide rests on the 
microscope stage. After making the U bend in the 
copper probe it is necessary to anneal it, or relaxation 
occurs separating the probe from the crystal. Cement 
is applied around the probe, held under its flexural 
tension. When the cement dries the probe is disengaged 
from the micromanipulator, another wire is attached 
to the copper plate, and the specimen is ready for 
measurement. The sample dimensions can be measured 
with a calibrated microscope eyepiece before applica- 
tion of the top electrode. 

The specimen is placed into an evacuable Pyrex cell 
with current leads sealed in. The probe wires of the 
specimen are attached to the lead-in wires of the cell 
by mercury contact. The cell can be mounted either in 
a shielded Dewar flask holding refrigerant or in a 
shielding tube immersed in a constant-temperature 
bath. The cell as a whole was guarded, utilizing the 
three electrode input system of the Keithley 610 
electrometer. 

Temperature runs made on the Z direction of 
1 ,5-diaminonaphthalene-chloranil crystal at both con- 
stant current (10-" amp) and constant voltage showed 
very little difference between the two curves. This was 
true even at voltages as high as 2 to 5 kv/cm. 
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Fic. 2. Sample mount—long direction. 





KRONICK AND 














\6Lass 
SLIDE 


\— COPPER 
PLATE 


Fic. 3. Sample mount—short direction. 


III. RESULTS 


Using the above methods we measured the resistivity 
in three directions through a small crystal of diamino- 
durene-chloranil. Table II compares these results with 
that for a polycrystalline sample, showing that the 
resistivities are all about the same within a factor of 10. 
The activation energy £, measured in the X direction 
is essentially the same as that in the polycrystalline 
sample. In this material, then, resistivities measured 
parallel and perpendicular to the most prominent 
cleavage planes are about the same. Agreement of 
these values with the polycrystalline data suggests 
that one would measure a value of about 10¢ ohm cm 
no matter what direction was studied. 

It is apparent that the resistivity data on the com- 
pressed powder did provide useful information about 
electronic conduction in diaminodurene-chloranil. Be- 
sides providing reliable values of resistivities and 
activation energy, a Seebeck coefficient of 3X10~4 v 
deg could be observed in both the pressed powders 
and in the X direction of the small crystal imbedded 
in resin at room temperature. 

Deviation from a temperature-independent Seebeck 
coefficient for the single-crystal measurements in the 
range — 50° to +30°C was within experimental scatter, 
the mean value being 3.0X10-4+15% v deg, whereas 
measurements on the pressed powder showed a small 
increase in S in this temperature range (Fig. 4). 

Table III reports data for conduction in 1 , 5-diamino- 
naphthalene-chloranil. This material had a high re- 
sistivity measured on a polycrystalline pellet and a 
correspondingly high activation energy. Poor conduc- 
tion was noted in all three directions of the single 
crystals, but the resistivity in the X direction was 


TABLE IT. Conduction in diaminodurene-chloranil. 


Single crystal 


Micro- 


X Y Z crystalline 


6.9X10* 8.4104 3X 104 
0.29 
3.0X10~ 
1.3104 


7X 104 
0.26 


p(25°) ohm cm 
Eg, ev 


S (30°) v deg 3.0 10-4 


S(—50°)v deg! 3.0107 
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Fic. 4. Seebeck coefficient of diaminodurene-chloranil as ‘a 
function of temperature. ©, compressed sample; O, single 
crystals. Each point represents an average of 6-10 measurements 
at different AJ around the ambient 7. 


nearly three orders of magnitude lower than the other 
values.® The resistivity-temperature data are plotted in 
Fig. 5. The lowest curve is drawn through two series of 
points taken on successive temperature cycles with 
extremely good reproducibility. The resistivities in the 
other directions returned to the room temperature 
value after temperature cycling. It is interesting to ob- 
serve how close the resistivities of the microcrystalline 
pellet lie to that of the high resistivity directions in the 
crystal. The value at room temperature was reproduced 
on three polycrystalline specimens. Apparently in the 
polycrystalline material the current is limited by the 
directions of high resistance, the Y and Z directions of 
the single grains. This result is predicted if one averages 
the conductivities over all directions in a single crystal. 
An attempt was made to measure thermopower in a 
polycrystalline sample. Because of a large persistent 
internal polarization, a Seebeck coefficient could not be 
measured accurately but was less than 50 uv degt. 
Table IV lists data on 1,6-diaminopyrene-chloranil. 
In the form of a polycrystalline pellet it had a re- 
sistivity of 4000 to 10000 ohm cm, depending upon 
conditions of preparation and electrode systems. We 
present these data as an example of caution to be taken 
in studying “single crystals.” Of all the crystals that 
we have studied, using all of the methods described 
earlier, the lowest values of resistivity in the three 
directions are shown in Table IV. It is seen that none 


TABLE IIT. Conduction in 1,5-diaminonaphthalene-chloranil. 


Single crystal 


Micro- 
X 's Z crystalline 
p(25°) ohmecm~=—-:11.3X10®)=—-6.3XK10" =2.0K10" 7.210" 
0.60 0.74 0.65 


Ea, ev 


0.74 


® Note added in proof. We have recently performed measure- 
ments on some single crystals of 1,5-diaminonaphthalene-chloranil 
which have a higher resistivity (8.710! ohm cm at 25°) and 
activation energy (£,=0.79 ev in the X direction than those 
reported herein. In the absence of criteria for crystal perfection 
and the further elucidation of crystal structure, the reasons for 
these differences cannot be properly ascertained. 
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of these agrees even within an order of magnitude of 
the pressed pellet resistivity but are, surprisingly, very 
much higher. A rough estimate of the activation energy 
in the Y direction, derived from a run in which there 
was considerable scatter in the data, is about the same 
as that characterizing the polycrystalline pellet. It is 
possible that the resistivities are changed by the process 
of making the pellet, which involves grinding the 
powder twice and pressing it twice, and that surface 
conductance plays an important role. It is also possible 
that the crystals studied may have had cracks or voids 
in them which greatly increased their resistance. It is 
not likely that electrode effects would account for this 
difference, because the same electrode materials were 
used on the microcrystalline pellets. Further work with 
this system on single crystals grown under different 
conditions is in progress. 
IV. DISCUSSION 

Detailed interpretation of these data must await 
crystallographic analyses, since not only do we not 
know what kind of molecular stacking occurs in the 


X, Y, and Z directions of the crystals, but it is also 
possible that none of these directions are true crystallo- 
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TaBLE IV, Conduction in 1,6-diaminopyrene-chloranil. 





Single crystal 


Micro- 


X ; Z crystalline 





p(25°) ohm cm 


(105) (108) 
(0.19) 


(10°) 4X 108 


Eg, ev 0.15 





graphic axes. However, because of the amount of data 
being accumulated on pressed powders, these results 
are of interest in that they point out the dangers and 
pitfalls of powder measurements, which must only be 
used as a rather crude indication of the electrical 
properties of a molecular crystal. The activation energy, 
being essentially isotropic, is the most reliable informa- 
tion to be obtained from the powder measurements. 

In the present work a large anisotropy of the con- 
ductivity was observed for 1,5-diaminonaphthalene- 
chloranil. Kepler, Bierstedt, and Merrifield* have ob- 
served anisotropy of the conductivity and Seebeck 
coefficient for the tetracyanoquinodimethane salts and 
an isotropic activation energy. While the detailed 
explanation of the lack of anisotropy of the diamino- 
durene-chloranil complex must await crystallographic 
analysis, it is interesting to note infrared spectral 
evidence’ for the strong interaction between the 
amine and quinone components. For example, the 
norma! —C=O stretching frequency of chloranil is not 
observable in the spectrum of this complex. These 
spectral changes may be due to both molecule-mole- 
cule interaction in the alternate donor-acceptor stack 
proposed for the structure,’° and to interactions be- 
tween an amine molecule in one stack and a quinone 
molecule in the neighboring stack. This would lead to 
an analog of a three-dimensional network, which might 
be responsible for the isotropic properties of this 
complex. 

The observation of a conductivity anisotropy of 
almost three orders of magnitude in the poorly con- 
ducting 1,5-diaminonaphthalene-chloranil complex is 
in accord with the hypothesis based on chemical and 
structural arguments,'* which has been substantiated 
in the work of Kepler, Bierstedt, and Merrifield. It is 
important to realize the enhancement of conductivity 
possible by structural or chemical features in a single 
direction of a crystal. 

The assistance of Mr. P. J. Hackett and Mrs. H. Ur 
is gratefully acknowledged. 
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Nuclear Relaxation in Gases: Mixtures of Methane and Oxygen* 


C. S. Jounson, Jr,t AND J. S. WaucHt 
Department of Chemistry, Laboratory of Chemical and Solid State Physics, and Research Laboratory of Electronics, 


Massachusetts Institute of Technology, Cambridge 39, Massachusetts 


Three previously proposed mechanisms of nuclear relaxation in fluids are qualitatively discussed: (1) 
modulation of intramolecular fields by collisions, (2) transient, and (3) diffusively modulated dipolar 
interactions with paramagnetic impurities. It is shown that the dependence of 7; for the protons in methane- 
oxygen mixtures on composition, density, and temperature is adequately described by a superposition of 
these contributions to 1/7), and that the magnitudes involved are consistent with a priori estimates. It is 
suggested that the spin-rotation interaction provides an important relaxation mechanism in both gaseous 


and liquid methane. 


INTRODUCTION 


NE usually thinks of the nuclear relaxation in a 

dense fluid as having its origin in the fluctuating 
dipolar fields which arise from the rotational and trans- 
lational diffusion of the molecules—that is, by the 
mechanism discussed at length by Bloembergen, 
Purcell, and Pound (BPP)! with special reference to 
water. Evidence is now accumulating?* that in some, 
and, very likely, in many cases the BPP mechanism 
needs to be supplemented. In particular, the persistence 
of something like free rotation of simple, quasi-spherical 
molecules in the liquid state may permit important 
contributions from the collision-modulated interaction 
between spins and rotational magnetic moments. This 
mechanism is known to be important in many dilute 
polyatomic gases.* In addition, a third view of the 
relaxation process (first proposed by Bloembergen’) 
may be useful under special circumstances. This is the 
transient dipolar interaction between magnetic moments 
belonging to different molecules which occurs when 
they collide. It is undoubtedly the dominant mechanism 
in diamagnetic monatomic gases when large amounts 
of paramagnetic impurities are present, and accounts 
for the success of Anderson’s observation of the He’ 
resonance in helium-oxygen mixtures. (The main 
relaxation process in pure inert gases is different but 
also transient in its time dependence.)*!° 


* This work was supported in part by the U. S. Army Signal 
Corps, the Air Force Office of Scientific Research, and the Office 
of Naval Research, and in part by the National Science Founda- 
tion. 

t National Science Foundation Predoctoral Fellow. 

t Alfred P. Sloan Fellow. 
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Our aim in this paper is to demonstrate the utility 
of all three descriptions mentioned above in a single 
system. In order to separate their effects it is helpful 
to make use of the fact that they have different de- 
pendences on density. Thus, unless elaborate high- 
pressure apparatus is available, it is desirable to study 
gases rather than liquids. Gases offer the further 
advantage that they can be studied at densities low 
enough to permit at least qualitative reliance to be 
placed on the simplest ideas of kinetic theory in in- 
terpreting the results. This statement applies with 
special force to any attempts at relating nuclear 
relaxation to intermolecular forces. 

Sandhu, Lees, and Bloom" have pointed out the 
great sensitivity of the proton relaxation time in liquid 
methane to small amounts of paramagnetic impurities. 
It is to be expected that some of the same effect may 
persist in the region of lower density accessible to us. 
The paramagnetic impurity is in general expected to 
accentuate the contributions of the Bloembergen and 
BPP processes (the latter through translational dif- 
fusion alone) to 7; in the gas. We have accordingly 
made measurements on appropriately chosen mixtures 
of methane and oxygen. For the present we have 
confined out theoretical interpretation of the results to 
order-of-magnitude considerations which, however, are 
sufficient to illustrate the essential features of the 
relaxation process and its relation to the properties of 
molecules and fluids. 


EXPERIMENTAL 


T; in the various gas mixtures was measured by 
standard radio-frequency pulse techniques,”- for the 
most part by the observation of spin echoes. A set of 
Tektronix waveform and pulse generators triggered a 
40-Mc oscillator and power amplifier whose final tank 
coil contained the sample. The latter was mounted in 
a brass pressure probe equipped with Kovar seals for 
electrical connections and mostly filled with a nylon 


4H. S. Sandhu, J. Lees, and M. Bloom, Can. J. Chem. 38, 493 
(1960 


2 £, L. Hahn, Phys. Rev. 80, 580 (1950). 
18H. Y. Carr and E. M. Purcell, Phys. Rev. 94, 630 (1954). 
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NUCLEAR 


plug so as to confine the sample to a region of more or 
less uniform H;. The response signal was tapped from 
the final tank capacitor at a point of suitable impedance 
and fed directly to a Varian V4310A receiver which 
had been modified to speed up its recovery from 
overloads. 

The rf pulses were applied in a 180°-90°-180° 
sequence, and the echo following the last pulse was 
recorded. In this experiment” the intensity of the 
(detected) echo decreases, passes through a null, and 
asymptotically approaches an equilibrium value as the 
time tf between the first and second pulses is increased 
from a small initial value. Some of our initial experi- 
ments made use of the fact that 42 = 0.6937, when a 
null echo is obtained. This method is unfortunately 
somewhat sensitive to changes in the width of the 
initial pulse, and in our experience consistently gave 
values of 7, which were 5-10% too small. Accordingly, 
our later measurements were made by plotting the 
logarithm of the difference between the echo amplitude 
and its equilibrium value against 42 and obtaining the 
slope of the resulting straight line. 


1.6% oO, 
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Fic. 1. Proton relaxation times (71) in three mixtures of 
methane and oxygen at 194°K. The solid curve for 4.0% O2 was 
obtained by fitting the constants in Eq. (5) to the experimental 
points. The other solid curves were calculated from the same 
constants. The circles represent our measurements and the 
triangles are taken from the results of Bloom, Lipsicas, and 
Muller (reference 14). The experimental points from that refer- 
ence fit the solid curve satisfactorily to considerably higher 
densities than those shown. 
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Fic. 2. Proton relaxation times in methane-oxygen mixtures at 
293°K. The solid curves were calculated directly from the results 
of Fig. 1 at 194°K, as described in the text. The experimental 
points for 10% O2 are probably too low. (See text). 


The probe assembly was mounted in a glass Dewar 
vessel in the 2}-in. gap of a 12-in. Harvey-Wells electro- 
magnet. The temperature was controlled with a variety 
of baths ranging from dry ice-methanol to boiling water 
and was monitored with a copper-constantan thermo- 
couple embedded in the probe. 

The methane (Matheson Company cp) and oxygen 
were mixed at room temperature in a small steel tank 
and the mixture then allowed to flow into the probe. 
Compositions of the mixtures were calculated from the 
total pressures of the mixtures before and after addition 
of the second component, these pressures being meas- 
ured with Bourdon gauges calibrated against the vapor 
pressure of COs». 


RESULTS AND DISCUSSION"! 


Low Densities 


Figures 1 and 2 show that as the gas density is in- 
creased from a small value there is an initial linear 
increase of 7; with number density. (Throughout we 
use a unit of number density which is equal to 2.6336 X 
10" molecules cm~. We loosely call this unit an amagat, 
although that name would be strictly appropriate only 
if all gases studied were ideal at STP.) This behavior 


4M. Bloom, M. Lipsicas, and B. H. Muller, Can. J. Phys. 
(to be published), have also measured 7, for CH, containing up 
to 1% Oz Their point of view and conclusions differ from ours in 
several respects. 
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Temperature dependence of 7; 
densities. 


p for methane at low 


is what is expected if the relaxation arises from a 
modulation of the spin Hamiltonian of the free molecule 
by collisions which occur at a rate greater than the 
Larmor frequency. It was first described quantitatively 
by Schwinger and applied by Bloembergen to the case 
of Hp.! 

Methane is complicated by the fact that it is a 
spherical top and moreover has three nuclear spin 
isomers, namely meta (J=2), ortho (J=1), and 
para (J=0). To be strictly correct we should allow for 
more than one relaxation time even for a single species 
since the motions of the protons in a methane molecule 
are correlated. Hubbard has treated the case of four 
spin } nuclei situated at the corners of a tetrahedron 
whose motion is governed by rotational diffusion.” 
His expression for the departure from equilibrium of 
the s component of magnetization (M,—M,,) did, in 
fact, contain two terms with different relaxation times. 
However, the coefficient of one of the terms was 50 
times larger than the coefficient of the other, and the 
relaxation time associated with the larger term was 
within 2% of the value for 7; that would be calculated 
for a proton with three uncorrelated pairwise inter- 
actions. This result, coupled with the fact that experi- 
mentally we have been able to detect only one relaxa- 
tion time, is taken as justification for our discussion of 
a single 7. It is worth pointing out that while Hub- 
bard’s treatment should predict the order of magnitude 
of the dipolar contribution to 7; in gaseous methane it 
is in principle not applicable since transitions to states 
of different J are infrequent.!*-" 

Both the meta and ortho species contribute strongly 
to the nuclear resonance signal, and hence the 7;’s 
that we measure are not clearly associated with either 
variety. If we make the assumption that there is no 
important distinction between the ortho and meta 


18 P, S. Hubbard, Phys. Rev. 109, 1153 (1958). 

16 A, Abragam, The Principles of Nuclear Magnetism (Oxford 
University Press, London, 1961), p. 321. 
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species when J is large and that the rate of molecular 
reorientation 1,7! insensitive to the rotational 
quantum number J, we can apply an approximate 
formula of the Schwinger variety as follows: 


Ty =n? (H?) (I (J+1) +E (1) 


where H’ is the field at a proton arising from rotation 
of the molecule and H” is the corresponding dipolar 
field at one proton arising from the others. We have 
implicitly assumed that transitions from one value of 
J to another do not affect the relaxation, a question 
which will be discussed in detail in another paper.’ 

The average value of the spin-rotational interaction 
[ie., 3(H\)’+2H,’) ] has been found from molecular 
beam experiments to be about 2.4 gauss,” a value con- 
siderably smaller than the 27 gauss appropriate to 
H..” However, in the neighborhood of room temperature 
{J(J+1) ) is around 57 for CH, compared to about 3 
for He. The contribution of the spin-rotation interaction 
to proton relaxation is thus reduced from that in 
hydrogen only by something like a factor of 6. The 
dipolar interaction H” can be estimated from the 
structure of the CH, molecule to be approximately 5 
gauss (lumping the ortho and meta species together), 
as compared to 34 gauss for H». Since in the tempera- 
ture region of interest the dipolar contribution to 7; is 
approximately independent of J, it becomes clear that 
this contribution is reduced by a factor of 30-40 from 
hydrogen. Since the two contributions are of about 
equal importance in H: at room temperature, we may 
expect that modulation of the spin-rotation interaction 
provides the dominant relaxation mechanism in 
methane. The fact that both contributions are relatively 
small accounts in part for the relatively long 7y’s in 
methane. 

The dominance of spin-rotational relaxation in 
methane may be further supported through the tem- 
perature dependence of 7; in the region of its linear 
dependence on density. It appears likely that the 
anisotropic forces leading to changes of my are suffi- 
ciently weak and of sufficiently short duration that the 
transition probabilities per unit time for these changes 
can be at least roughly described by the quantum 
mechanical transient approximation.”! That is, 


is 


ha \ 
a Fey 


W~(te2| (my\ Vimy’ ) 22) /h, (2) 


where Z is the number of collisions per second made by 
a molecule, d is a molecular diameter, v a relative 
velocity, and fy~d/v is the duration of a collision. V; 
is the anisotropic intermolecular potential leading to a 
transition. In general, we expect V; to be characteristic 
of the colliding molecules and, therefore, different for 


18 C. S. Johnson, Jr., and J. S. Waugh (to be published). 

19C, Anderson (private communication). 

2” J. M. B. Kellogg, I. I. Rabi, N. F. Ramsey, Jr., and J. R. 
Zacharias, Phys. Rev. 56, 728 (1939). 

21. I. Schiff, Quantum Mechanics (McGraw-Hill Book Com- 
pany, Inc., New York, 1949), p. 219. 
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CHy—CH, and CHy—O, encounters. The experiments 
described below are limited to a maximum of 10% 
oxygen and the results may be well enough described 
by a single V;. For larger concentrations of oxygen the 
low-density 7, equation would necessarily contain 
two terms.'* The average temperature dependence of 
these quantities in the framework of a hard sphere 
model is such that W/p« T~°°. Theoretical estimates of 
this dependence by other methods have predicted 7° 
to 7~°° for fairly long range interactions,”-™* and 
experimental results from the nonresonant absorption 
of microwaves by molecules with dipole moments have 
been interpreted to give temperature dependences of 
T°? to T-°-25°6 We have found these results to be 
consistent with the temperature dependence of 7}/p 
for hydrogen extrapolated to infinite dilution in CO,.’* 
(The collisions in pure H: represent a special case which 
requires a more sophisticated treatment.>:) 

T;/p in pure methane in a given rotational state 
might therefore be expected to vary as 7~+. Since 
(J(J+1) ) is approximately proportional to 7 in the 
region of room temperature, however, we should 
expect an additional factor of 7~' if the spin-rotation 
interaction dominates, but not if the spin-spin inter- 
action leads to the chief relaxation mechanism. The 
experimental dependence of 7; on temperature shown 
in Fig. 3 supports the former conclusion. 


Intermediate Densities 


At low densities it is apparent that the presence or 
absence of paramagnetic impurities such as oxygen is 
of little consequence. At sufficiently high densities we 
expect a deviation from the linear increase of 7, with 
p even in pure methane, since intermolecular dipolar 
couplings during collisions should become important 
as the collision frequency increases. However, the 
dipole couplings are very weak and it is not clear that 
other transient relaxation mechanisms such as those 
suggested by Streever and Carr can be neglected.?:” 
The range of densities experimentally available to us is 
restricted to the extent that we found it convenient to 
produce the deviation by the deliberate addition of 
oxygen. 

The first deviations from constancy of 7\/p in 
methane-oxygen mixtures are expected to result from 
the transient magnetic interaction proposed by Bloem- 
bergen and mentioned above.’ We again resort to the 
transient approximation (this time with excellent 
justification), and estimate the matrix element of the 
magnetic interaction during a collision to be of the 

2 P. W. Anderson, Phys. Rev. 76, 647 (1949). 

28G. Birnbaum and A. A. Maryott, J. Chem. Phys. 29, 1422 
(1958). 

4 C. H. Townes and A. L. Schawlow, Microwave Spectroscopy 
(McGraw-Hill Book Company, Inc., New York, 1955), Chap. 13. 

% A. A. Maryott, A. Estin, and G. Birnbaum, J. Chem. Phys. 
32, 1501 (1960). 


% J. E. Boggs, A. P. Dean, and J. M. King, J. Chem. Phys. 33, 
1852 (1960). 
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order of y,7,/°d~, where the gyromagnetic ratios refer 
to the nucleus and to the colliding paramagnetic 
species. The relaxation arising in this manner may 
then be approximately expressed as 


1 ") 2yey ph? 
Dy 24 Zh — |Z~————Z, 
Tier t (i ved! 


where 7, is the relative velocity of the colliding mole- 
cules and d is the distance of closest approach. In the 
context of an ideal gas, hard sphere point of view the 
quantity on the right of (3) should be proportional to 
density (at constant composition) and to TJ. This 
effect is sufficiently mixed up experimentally with the 
situation at still higher densities that we shall brietly 
defer a comparison with experiment. 


High Densities 


As the density increases further, collisions can no 
longer be considered to be distinct events separated by 
intervals of zero interaction. We must in fact take into 
account the possibility that magnetic moments may 
remain in the vicinity of the nucleus of interest for 
times which are long compared to the mean free time. 
This is just the situation investigated first in great 
detail by Bloembergen ef al.', and the result which 
they derived for solutions of paramagnetic ions is 
directly applicable to the methane-oxygen system 


1/T\= (2y,2/Dd) Np (u*). (4) 


Here .V, is the number of oxygen molecules per cm*, D 
is a diffusion coefficient (strictly a mutual diffusion 
coefficient), and (yu?) is the mean-square magnetic 
moment of the oxygen molecule. 

It is important to note that D depends on density, 
and is in fact proportional to p~ for dilute gases.” In a 
hard-sphere gas D should in addition be proportional 
to 7}. Experimentally the dependence even for rather 
dilute gases tends to be slightly steeper than this,”> but 
the precision of the present experiments and, particu- 
larly, of their theoretical interpretation, is insufficient 
to justify making any deliberate departure from the 
ideal gas value for the purposes of discussion. We shall 
assume that 1/7, for methane-oxygen mixtures depends 
on p? and 7~+ insofar as it is determined by the BPP 
mechanism. 


Combined Relaxation Mechanisms 


We shall now make the assumption that all three of 
the above mechanisms rnake independent contributions 
to the relaxation process, so that it is possible to write 


1/T,=(A/p) +(Bxo) p+(Cxo) p’, (5) 


27 J. O. Hirschfelder, C. F. Curtiss, and R. B. Bird, Molecular 
Theory of Gases and Liguids (John Wiley & Sons, Inc., New 
York, 1954), p. 539. 

% J. Jeans, An Introduction to the Kinetic Theory of Gases 
(Cambridge University Press, New York, 1948), pp. 171-4, 202. 
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where 4 is the mole fraction of O. and A, B, and C 
functions of temperature. To be sure, such a super- 
position is not justified in principle in the case of the 
last two mechanisms discussed; both involve the same 
interaction Hamiltonian and simply represent different 
limiting approximations to the correlation function of 
this operator. A compiete theory* would consider the 
dependence of the correlation function on density in 
detail, but our purpose is simply to point out that a 
satisfactory and consistent physical description of the 
experimental results can be obtained much more 
simply. 

The sensitivity of 7, to the details of the correlation 
function is not great enough to make any discrepancies 
evident in the region of density where one limiting 
approximation is giving way to the other. 

We have adjusted B and C to fit the experimental 
points for 4% Oz in Fig. 1 and have set A equal to the 
inverse of the slope of the pure methane curve. This 
choice for A amounts to considering a single value of 
V, in Eq. (2) as discussed above. Using the facts, stated 
earlier, that B and C should be proportional to T- 
and that A « 7*+!-”, we have calculated the other solid 
curves in Figs. 1 and 2. The temperature dependences 
of B and C, being based on a hard sphere model, are 
only approximate. The lower experimental points in 
Fig. 2 were measured by a null method and, as previ- 
ously indicated, are perhaps 5 to 10% too low. 

The values of the parameters at 194°K are A=25 
amagat sec!; B=1.25 amagat— sec!; C=0.011 
amagat~ sec. In order to be sure that the success of 
this procedure is not simply one of the well-known 
miracles which can be wrought with three adjustable 
parameters, it is important to verify that the values of 
A, B, and C needed to fit the experimental points agree, 
at least in order of magnitude, with @ priori estimates. 
The estimation of A poses certain difficulties which we 
shall discuss elsewhere,’ although we may mention 
that there is nothing about the experimental value of A 
which is disturbing. B and C have been calculated from 
Eqs. (3) and (4) at 194°K using d=3.6X10-* cm, 
D=0.15 p cm? sec~! amagat, and (y?)=7X10- erg? 
gauss~? with the result B=1.3 amagat™ sec~!; C=0.006 
amagat~ sec~'. The agreement with the experimental 
‘values is to be regarded as somewhat fortuitous. 

Some experimental points obtained by Lipsicas'* are 
shown in Fig. 1. The calculated curve also passes 
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through his points at 200 and 300 amagat, which are 
not shown in our figure. Since the low-density slope 
reported by Bloom and Lipsicas at 193°K was some- 
what less than our slope at 194°K we were forced to 
use A =30 amagat sec” to fit their points. On the basis 
of our experimental values of B and C we would 
estimate that their mixture contained 0.06% Ove. They 
have stated the O» content to be 0.1%. 

In conclusion, it appears that the relaxation of the 
protons in methane-oxygen mixtures, and presumably 
in many other systems as well, can be adequately 
described over a considerable range of density, compo- 
sition, and temperature by a very simple superposition 
of the three relaxation mechanisms described above. 
The constants appearing in the final expression for 7, 
are consistent with @ priori estimates. Of the three 
contributions, that of Bloembergen is probably the 
least important except in the presence of large amounts 
of paramagnetic impurities. From the point of view of 
this paper, it is only the strong dependence of the 
BPP mechanism on density that frequently permits it 
to dominate in the liquid state. Even in liquids it 
appears’ that when intermolecular forces are relatively 
weak and molecular motion is rapid a significant 
contribution of spin-rotational interaction to the relaxa- 
tion process may persist. This is very likely true of 
methane, as suggested by the following argument: We 
have already seen that the first term of Eq. (5) is 
dominated by the spin-rotational interaction. Evalu- 
ating it under the conditions appropriate to liquid 
methane at its boiling point, we find 7;'=0.02 sec", 
to be compared with a total 7,~! of only 0.07." 

Both the Bloembergen transient mechanism and the 
one which dominates at low densities, particularly the 
latter, offer interesting possibilities for the study of 
anisotropic intermolecular forces.4** We intend to 
discuss this matter at greater length elsewhere,” with 
special reference to experimental studies on hydrogen 
and mixtures of hydrogen with other gases. 
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The ultraviolet spectrum of dibenzene chromium vapor has been observed under medium resolution 
conditions. At least three separate band systems are found, at least two of which display progressions of the 
totally symmetric vibration frequencies. Possible assignments are considered and compared with alternative 
level structures. It is concluded that the 3de2,, level probably lies below the metal ai, orbital, and that term 
splitting may play a considerable role in determining the order of the excited states. 


INTRODUCTION 


HE absorption spectrum of dibenzene chromium 

vapor has been investigated in the region 2100— 
6000 A. This study was undertaken because of recent 
interest in the electronic energy levels and structure of 
dibenzene chromium! and more specifically, because 
the reported ultraviolet absorption spectrum of di- 
benzene chromium itself in cyclohexane® shows none of 
the banded character found in the spectra of a number 
of other chromium-arene molecules.’'* Proposed level 
schemes for these molecules imply that all their spectra 
should display several reasonably strong band systems 
in the visible and near-uv region. Only dibenzene 
chromium itself failed to show such a spectrum; the 
absorption spectrum reported by Feltham® showed a 
very broad peak having a maximum at about 3200 A 
and a shoulder in the 4000 A region, and a second, 
much weaker maximum at about 6500 A. Other spectra 
of solutions and crystals of compounds of this kind 
characteristically show several absorption bands: six 
for the one Cr(0) compound reported, and seven for 
the Cr(1) systems.’:§ The vapor spectrum of dibenzene 
chromium was examined in hopes that it would display 
more structure than the solution spectrum, enough 
perhaps to display separate electronic transitions. 


EXPERIMENTAL 


The sample of dibenzene chromium was supplied by 
Dr. R. L. Pruett of the Union Carbide Chemicals 
Company. The material was transferred into the sample 
cell in an atmosphere of nitrogen; the cell was evacu- 
ated to remove volatile contaminants; argon was ad- 
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mitted to give a pressure of approximately 30 cm Hg 
at 25°C. The sample cell itself was a fused silica tube, 
25 mm in diameter and about 24 in. long, with clear 
fused silica end windows attached with Apiezon W 
wax. The middle third of the tube was wrapped with 
asbestos, wound with Nichrome heating wire and 
wrapped with a second layer of asbestos. A copper- 
constantan thermocouple measured the temperature of 
the tube. 

Solution spectra and preliminary gas-phase spectra 
were taken on a Cary model 11 spectrometer. The final 
gas-phase investigation was carried out with a Bausch 
& Lomb medium-quartz spectrograph. A variety of 
photographic plates were used to investigate various 
regions of the spectrum: Eastman 103-0 plates for 
general use, Ilford Q-3 and HPS for the far ultraviolet, 
and Ilford HPS and R-S0 plates for the visible region. 
The light source for the photographic work was a 
fused-silica capillary flash lamp, through which ap- 
proximately 90 joules were discharged in about 30 usec. 

The first spectra showed the presence of a small 
amount of benzene; after the cell and sample had been 
warmed and re-evacuated, no traces of benzene would 
be seen in the spectrum. When the cell was reopened 
after a number of spectra had been taken, crystals of 
the sublimed dibenzene chromium were removed from 
the cell and dissolved in cyclohexane. The spectrum of 
this material was essentially indistinguishable from 
that reported by Feltham.® 

The absorption spectrum of dibenzene chromium 
vapor is dramatically different from that of the solu- 
tion. Instead of a broad, featureless single peak, the 
spectrum shows at least three distinct band systems, 
which in turn have well-defined vibrational structure. 
Table I lists the prominent maxima. These are rather 
diffuse, and permitted measurement to only about 
+3 A in the middle of the spectrum. Representative 
spectra are shown in Fig. 1. 

The absorptions described here are classified into 
three systems; system I, whose strongest band lies at 
3748 A; system II, a diffuse system with a maximum 
near 3050, and with definite bands only at the short- 
wavelength end; and system III, which actually in- 
cludes bands of three groups, a long progression in the 
2820-2670 region with the strongest maximum at 
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TaBLe I. Absorption maxima of dibenzene chromium.* 





Long wave bands 


(A) System I System II System III 





4370 
4315 
4156 


3907 ¢ 
3833 
3781 
3748 v 
3711s 
3674 
3640 s 
3606 
3571 
3533 
3480 ? 
3365 


3010 
2970+10 
2946 
(plus diffuse 
absorption at 
longer wave- 
lengths) 


(a) 2823 
2800 vs 
2781s 
2760 b 
2730 ms 
2711 
2694 
2669 


2604 
2570s 
2552 ms 


2465 s 
2450 ms 
2408 s 
2395 
2373 
2343 
2332 


® vs, very strong; s, strong: b, broad; ms, moderately strong. 


2800, at least three more bands at about 2570, and 
another long, diffuse series between 2465 and 2332 A. 
Of these, the middle group extends into a region of 
silicon absorption lines of the lamp which prohibits 
investigation of the 2500 A region. The classification 
of systems was chosen to correspond to that used by 
Yamada ef al.’:* in their investigation of the solution 
and crystal spectra of chromium arene compounds. 
Our photographic study did not extend to long enough 
wavelengths to search for the very weak band at about 
6500 A reported by Feltham; we did find such a band 
in the solution spectrum. This band is presumably the 
spin-forbidden band of references 7 and 8. 

The gas-phase spectrum failed to show any strong 
absorption in the 2100 A region. Presumably the 
strong m—>7* transition denoted as IV in reference 7 
lies at a wavelength too short to be detected with our 
system; that is, it must fall beyond 2100 A. 

System II has only three well-defined bands, all far 
from the center of the absorbtion, so one may be hesi- 
tant to try to associate the frequency differences with 
any of the observed vibration frequencies of dibenzene 
chromium.*!® Systems I and III, on the other hand, 
have very Clearly defined progressions which can 
probably be associated with known vibrations. In 
both systems, the most obvious frequency is the ra 
totally symmetric vibration of the rings against the 
central chromium. This has been estimated as 280 
cm™'!.® The estimate we make from systems I and III 
is 260-270 cm“. 

System I also shows the vy, totally symmetric CH 
bending frequency, previously found to be 790 cm™ in 
dibenzene chromium iodide*:'° and estimated at about 
787 cm~'! from the present work. One narrow band at 
~ 9H. P. Fritz, W. Liittke, H. Stammreich, and R. Forneris, Ber. 
deut. chem. Ges. 92, 3246 (1959). 

10 R. G. Snyder, Spectrochim. Acta 15, 807 (1959). 
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3365 A looks similar to the bands of system I and lies 
3037 cm™ to the violet of the strongest band of this 
system. It may be associated with the v2, symmetrical 
CH stretching mode; the corresponding frequency in 
(CeHe) eCrI is 3095 cm. The band at 3781 A is prob- 
ably a “hot” band from the first excited vibrational 
state of the vz symmetrical valence mode, according to 
the analysis below. 

The absorption at wavelengths greater than 3781 A 
might be due to more excited vibrations in system I. 
We prefer, however, to assign this as a separate elec- 
tronic transition. This point is discussed further in the 
next section. 

Differences taken from system III show not only 
va but also a 911 cm™ frequency which may be the 
Vig Symmetric ring-breathing frequency of the upper 
state. Frequency measurements of the shorter wave- 
length bands attributed to this system are complicated 
by emission lines of the light source. Nonetheless the 
va frequency seems to appear throughout the system. 
The band at 2823 A seems to be a hot band of this 
vibration. 

The extended 260 cm™ progressions have their 
strongest band near but not at the long wavelength 
end of the progressions. Moreover, the intensity in the 
bands on the red side of the most intense bands seems 
to be more sensitive to temperature than the intensity 
on the violet side. These observations indicate that 
the short-wavelength parts of the progressions are due 
to upper-state levels, and the long-wave side, to hot 
bands. This, in turn, indicates that in series I and ILI, 
at least, the electronic excitation produces no drastic 
changes in the ring-metal bonds. Since the frequency 
differences of the bands in these series seem to be 
those of totally symmetric vibrations, we believe these 
to be allowed transitions involving nonbonding orbitals. 


DISCUSSION 


In a previous note, an attempt was made to assign 
the spectra of several compounds of chromium and 
benzene.’ The assignments were made in terms of a 
strong-field formalism, and were carried out for the 
threefold-symmetric symmetry reported for dibenzene 
chromium in the crystal and for the sixfold symmetry 
which the molecules are supposed to exhibit in fluid 
phases. Only the orbital levels were considered; term- 
splitting was not considered except as it affected the 
intensities of various bands. The most probable assign- 
ments, it was felt, were as follows. Referring to the 
bands in the notation of Yamada et al.,’§ and using 
Den symmetry for the molecule, we have 


band I: 


band II: 


3de29('Aig) 4 peru’ (Bru, ‘Bau, \Eyu); 


3daig( 1A 19) 4 peru’ (Ei) ’ 
€iu(1A1g)—>3deig’ (*Aru, Aou, Eau), 
3de2g(*Aig) 4 pai’ (Eu) ; 


band III: 3daig(4A1g)—>4 par’ (Aru). 
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R-50 Plate 


130°C, 


125°C, HPS Plate 


90°C, HPS Plate 





80°C, Q-3 Plate 


50°C, HPS Plate 
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The transitions listed include all those below the 
mwe,—3da,,/ and m—>nx* transitions, having components 
allowed in Dsga symmetry. In De, symmetry, only the 
1A, "Ay, and !A,,—'£}, transitions are allowed; they 


are polarized parallel and perpendicular to the sixfold 
axis, respectively. According to this assignment, in 
Ds3a symmetry, band I has a z component as well as 
one with x, y polarization. An alternative assignment 
was given, based on placement of the filled a1,(3d+4s) 
orbital above the 3de,. This alternative, harder to 
reconcile with the solution spectra, better explains the 
observed g value of the paramagnetic (CsH¢5)2 Crl 
molecule. The only major change in the assignments of 
the spectral bands is the interchange of the ¢2,—é1,’ 
and reé1,—¢1,/ bands. This in turn changes the polariza- 
tion expected for band Lin De, symmetry. In the former 
assignment, the transition moment of band L is polarized 
parallel to the planes of the rings and band II contains 
both parallel and perpendicularly polarized com- 
ponents. In the latter assignment, band I has its mo- 
ment perpendicular to the rings, and band II is due 
entirely to a parallel transition. Let us also consider 
the possibility that dibenzene chromium in solution is 
threefold symmetric, as it is in the crystal. Then both 
bands would have parallel and perpendicular com- 
ponents in either scheme. 

If band I of the solution spectra is indeed due to the 
same transition as system I of the vapor spectrum of 
dibenzene chromium itself, and if system I appears as 
a distinct uv-fluorescent system when dibenzene 
chromium is dissolved in a rigid glass, then a measure- 
ment of the fluorescence depolarization of system I 
would demonstrate whether the dibenzene chromium 
molecule has De, or Dsa symmetry (in the glass, at 
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Representative spectra of dibenzene chromium vapor. 


least), and, if its symmetry is sixfold, whether the 
1Fy, or Ay, excited state lies lower. 

The amount of information in the vapor spectrum 
of dibenzene chromium prompts us to re-examine our 
level scheme, and to try to correlate the observed 
spectrum with the binding in this and perhaps other 
sandwich compounds. One recent limited molecular 
orbital calculation, for example, suggests that the 
major contribution to the metal-ring bond in (CsHs) eCr 
is the mixing of the 3des, orbitals of the chromium 
atom with the empty ring orbitals of the same sym- 
metry.! The same effect has been inferred by Levy and 
Orgel‘ from their discussion of the energetic order of 
the di, and é2, orbitals of ferricinium ion and dibenzene 
chromium iodide. This would imply that the eg, orbital 
is strongly bonding, and that removal of an electron 
from this orbital would weaken the bond between the 
rings and the chromium atom. 

If the eg, orbital is indeed a strongly bonding orbital, 
then it is difficult to reconcile the assignment of system 
I as an é,—¢1,’ transition. It now seems more prob- 
able, in view of the appearance of the bands system 
and of the v2 vibration in particular, that it arises 
from the 7¢,,—3de,’ transition, and that the ay, 
orbital does indeed lie above the ee. Shustovorich and 
Dyatkina! compute the ai, energy slightly lower than 
the é2,, but point out that the two levels are so close 
that their calculation cannot be trusted to give the 
exact order. Levy and Orgel,’ on the other hand, con- 
clude that the ai, orbital must be at least 2.9 ev above 
the es, if the ground state of dibenzene chromium 
iodide is *Ayg. Previously, the e2,—¢1,’ assignment was 
preferred because the alternative was essentially to say 
that band I was due to a charge-transfer process, which 
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seemed improbable according to the solution spectra. 
Now, the vapor spectrum shows system I to be strong, 
and to display all the totally symmetric vibrations ex- 
cept the carbon-carbon ring-breathing frequency. This 
fits nicely with the notions that an electron is removed 
from a orbital and placed in a metal orbital, and that 
neither of the orbitals involved contributes strongly to 
the ring-metal bond. 

If we reassign band I to the 7e,,—>3de,’ transition, 
then band II is quite naturally attributed to the 
3dexg—4 pei,’ on the basis of its diffuse structure. On 
the other hand, the center of gravity of the excited 
configuration of this transition should fall at higher 
energies than that of the 3da,,—4pe,,,’ excitation. We 
must therefore suppose that the term splitting within 
the é2,%e,,’ configuration is sufficient to push its ‘Fi, 
component below the state coming from the a1,—¢1,' 
excitation. But this state is also a 1A, state; now we 
are faced with satisfying the noncrossing rule. It seems, 
therefore, that the character of the first excited 14, 
state may change from being dominated by an e'2,419é1.’ 
configuration in a strong-field approximation to being 
predominantly ¢2,°a1,"e1. when term-splitting and 
configuration mixing is included. 

This change might be observable as a change in the 
appearance of systems IJ and III if the benzene rings 
of dibenzene chromium were replaced by rings com- 
pletely substituted, say, with fluorines. 

It is not possible to say at present whether system 
III is actually composed of one, two, or three electronic 
transitions. From the appearance of the band struc- 
ture, it seems improbable that three transitions con- 
tribute. This argues for the regular-hexagon structure 
of the benzene rings, since if the symmetry were D3z, 
we would have three and not just two low-energy 
allowed electronic transitions to assign. If there are 
two allowed transitions, then the lower-energy one, 
around 2800 A, is presumably the 'A;,—'£), transition 
due primarily to the a;,—¢1,,’ transition and the bands 
at shorter wavelengths are due to the a,—4d,’ ex- 
citation. These transitions are polarized parallel to the 
ring plane and perpendicular to it, respectively, so that 
again, they might be distinguished experimentally. 

Finally we can add one more factor which lends more 
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support to the identification of system I as a re,—> 
3de,,' transition, and thereby, to the placement of the 
metal a), orbital above the 3dez,. At high temperatures 
(about 120° or more) diffuse absorption sets in to the 
red of system I. This absorption is probably too wide- 
spread to be part of the same system, although it does 
overlap system I. There are two maxima on the red 
side of a broad, intense diffuse region, and another, 
somewhat stronger, on the violet side. If we identify 
system I as due to the 1e:,—>3dei,’ transition, we find 
that of the three terms derived from the excited con- 
figuration, the transition to one ('Ai,) is allowed elec- 
tronically, and transition to one other ('A2,) is elec- 
tronically forbidden but becomes vibrationally allowed 
through the action of a low-frequency vibrational 
mode. Specifically, the 'A2, state can be reached from 
the first excited vibrational state of the a2, asym- 
metrical ring-metal stretching mode, which lies 459 
cm™ above the ground state.® The alternative assign- 
ment gives three excited states of which one is again 
allowed, but here, neither of the other two find any 
low-frequency vibrations which could make them be- 
come allowed. 

We summarize our results by presenting the spectral 
assignment which, according to this analysis seems 
most probable. Unobserved states are placed in brack- 
ets, and the vibrationally allowed, electronically 
forbidden state in braces. 


System I: 


eru(*Atg)—>3dei9’ (#Ary) ("A ou} [Low]; 


system II: 
3deog("Aig) 4 pein (1E1u) ['Biu, 'Bou]; 
system III: (long-wave bands) 
3dayg (Aig) 4 peru’ (1A 1.) 
system III: (short-wave bands) 
3daig(*A1g) 4 pain’ ('Ain). 


Further work, particularly utilizing fluorescence from 
a glass if this is possible, would be necessary to test 
this assignment. 
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Expressions for the rates of equilibration of the translational energies in multicomponent gas mixtures of 
structureless molecules are derived in terms of characteristic relaxation times. The approach to equilibrium 
is found to be completely dominated by an exponential decay factor for molecules interacting with inverse 
power potentials; the decay should be essentially exponential for more realistic potential functions. The 
calculations of rotational relaxation times are presented for several rigid molecular models: rough and 
partially rough spheres, spherocylinders, and loaded spheres. The relaxation times obtained are in good 
agreement with those observed experimentally and with those predicted by previous theories. It is found 
that, in general, on the order of 10 collisions are required to reduce an initial temperature difference by a 


factor of 1/e for translational-rotational equilibration. 


I. INTRODUCTION 


HE collisional degradation of molecular momentum 

and kinetic energy in dilute gases has recently 
been examined by O’Toole and Dahler.' Here we shall 
be concerned with the extension of their results to 
thermal relaxation phenomena. In particular, we wish 
to determine the mean rates of change of the average 
kinetic energies associated with the different molecular 
species present in a gas mixture and of the energies 
associated with the internal rotational motions of 
polyatomic species. Subject to certain simplifying but 
very reasonable assumptions, the rates at which these 
equilibration processes take place can be expressed in 
terms of characteristic relaxation times. 

Although most of the calculations presented here 
seem to be novel, our results will be compared when- 
ever possible with those of previous investigators. In 
Sec. II we determine the relaxation times associated 
with equilibration of the translational energies of ,the 
various components in a mixture of structureless mole- 
cules. The remaining sections are devoted to the calcu- 
lation of rotational relaxation times for several mole- 
cular models: rough and partially rough spheres, 
spherocylinders, and loaded spheres. Except for the 
case of perfectly rough spheres, previous estimates of 
rotational relaxation times have invariably been de- 
pendent upon approximate rather than exact treat- 
ments of the collisional dynamics. We have attempted 
to avoid such approximations by limiting our attention 
to molecular models so simple that exact mathematical 
analyses of the collisional dynamics are possible. The 
advantages of this approach are, of course, somewhat 
offset by the artificiality of the molecular models 
themselves. However, the dynamical approximations 
attendant to the use of more realistic but nevertheless 
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empirical choices for the molecular interactions are also 
of a somewhat artificial nature. 

Since it appears that rotational relaxation times are 
relatively insensitive to the detailed nature of molecu- 
lar interactions, the very simplicity of the models con- 
sidered here constitutes a strong argument in their 
favor. On the other hand, calculations of vibrational 
relaxation times depend much more critically upon an 
accurate knowledge of the interactions and upon intri- 
casies of the collisional events such as chattering. 
Because of the more sophisticated and careful analysis 
required for calculations of this sort we defer the 
subject of vibrational relaxation to a 
communication. 


separate 


II. EQUILIBRATION OF TRANSLATIONAL ENERGIES 
IN A GAS MIXTURE 

Our purpose here is to examine the relaxation rates 
of the mean translational energies associated with the 
separate molecular species in a multicomponent gas 
mixture. The molecular mass and number density 
of the a component will be denoted by mg and na, re- 
spectively. The temperature or mean translational 
energy of this species is defined in the conventional 
manner by the formula 


eT a=me | fodmecatdea, 


where C, is the velocity and f, the singlet distribution 
function. 

Let us now imagine that at a particular moment the 
state of the system is characterized by a set of Boltz- 
mann distributions 


fa=Na(Ma/2ekT.)) exp(—mMala’/2kT a), 


/ 


with separate and distinct temperatures T.. The ex- 
perimental preparation of initial states of this sort is 
very nearly realizable in several instances, e.g., the 
homogeneous production by a chemical reaction of 
molecular species with energy distributions significantly 
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different from those of the reactants, the mixing of hot 
and cold molecules at a shock or detonation front, and 
the slow thermalization of massive molecules by a 
much lighter diluent. The last of these, the Lorentz 
gas, is of particular interest because of its direct ap- 
plicability to the description of ions and electrons in a 
plasma. 

In reference 1 it was established that the rate of 
change of kinetic energy of an a-species molecule may 
be expressed by the equation 


a doa (Pas) + 


8 
+[Fa-Ca— 3% (Pas) +), 


8 


(d/dt) (3mela*) 
(1) 


where F, is the instantaneous force acting upon the 
molecule. *((Pas),), the ensemble average power trans- 
fer from 8-species members of the system, is related to 
the frictional force «¢( F.8) . the 
manner 


=—faa(Ca)Ca in 


(Pas) +) = (pas/ma)*((Fas)+)*Ca 


—[RkT3/(matms) |Veq**((Fas)+), (2) 


where pag=Mams/(Ma+ms). 

The ensemble expectation value for the temporal 
average of the power fluctuation, Fa*Ca— > 5" (CP eae): 
is of course identically zero. Consequently, the equa- 
tion of change for 7, may be written in the form 


(dT,/dt) = (3nak) 1D ff UP in) 9 )0Ce 
B 


= DL Ta— Ts) /Tap ], 


B 


(3) 
where the relaxation times are given by the formula 


Tag = Mak Ta(Matms) / {fates co) macatde (4) 


and the friction coefficients by! 


Fas (Ca) =Mspag(k T3/2rmsg)*ca* exp(— mgca?/2kT 3) 


x | dge’Qas (g) exp(—magg?/2kTs) 


[ (mpcag/kT3+1 )"exp —msCag/kT3) 


+ (mpcag/kT3—1) exp(macag/kT3) }. (5) 


Qas"” (g) =2n| (1—_cosx) bdb 
0 
is a cross section? defined in terms of the scattering 
angle x=x(6, g) and the impact parameter{or ‘“‘miss- 
2 J. O. Hirschfelder, C. F. Curtiss, and R. B. Bird, The Molecu- 


lar Theory of Gases and Liquids (John Wiley & Sons, Inc., New 
York, 1954), p. 525. 
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distance” 6. From (4) and (5) it may then be verified 
that 


Tap =3(Matms) /32nghasQag!? (Tas) , (6) 


with 


Qos"? (T) 


= (kT 2ruas)*f e Vv Oas"! [(2kT/pas)*y|\dy. (7) 
0 
Tas=MaT3t+MsT., and Mg=mg,/(matms3). Accord- 
ing to the theory of Chapman and Enskog* the omega 
integral Qa3"') is inversely proportional to the diffu- 
sion coefficient for a binary mixture of a- and 3-species 
molecules. Therefore, numerical estimates of the relaxa- 
tion times can be obtained very easily from the exten- 
sive tables of omega integrals which have been con- 
structed for a wide variety of pair potential functions.” 

From (6) we see that for a given value of Tas the 
relaxation time tag is proportional to the symmetrical 
function of the molecular masses, (ma+m3)*/mams. 
Since this factor assumes its minimum value when 
Ma=mg, formula (6) correctly predicts the well- 
known result that thermalization of a particular mole- 
cular species is most efficiently accomplished by another 
of equal mass. The fact that tag depends upon 74g and 
not upon some other function of the two temperatures 
T,, and Ts is of considerable interest for it implies that 
if there is a sizeable difference in the molecular masses 
of the species, the temperature of the lighter will be the 
more significant in determining the relaxation time. 
From this we may conclude that in a plasma it is the 
electron temperature which governs the rate of thermal 
equilibration between ions and electrons. 

To estimate the ion(a)-electron(8) relaxation time 
the interactions of the charged particles may be repre- 
sented approximately by the shielded-Coulomb po- 
tential ¢(r) =(Zae?/r) exp(—Kagr). Here e denotes 
the magnitude of the electronic charge and Z,e the 
charge on an ion. Although the parameter Aag is es- 
sentially empirical, its reciprocal should very nearly 
equal the Debye length lp = (kT s/4mnge*)'. According 
to Liboff> the omega integral for this potential is 
given by 


Qag* (Tas) =3 (rk Tag/2mg)*(Zae?/kT as)” 


[loge(2k Tag/Zae*Kas) —9.961 |. (8) 


From (6) and (8) it then follows that 


1673(ms/mMa) a ee 
Tas l= PrP ar LTA aan wk ag 2mg ) 1(Z€" k1 as)~ 
3(1-+m3/m.,)? 
(log. (2k Tas/Zae?K as) — 0.961 Lor’) 

3 Reference 2, p. 539. 

* Reference 2, Appendixes. ; 

®R. L. Liboff, Phys. Fluids 2, 40 (1959). A similar calculation 
has also been performed by T. Kihara, J. Phys. Soc. Japan 14, 
402 (1959). 
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If the plasma contains only a single ionic species con- 
servation of energy requires that 7a3/Ma=Tga/mg and 
so d(Ta— Ts) /dt=— (Ta—T3)/17, where 


T=T9g '[ (natng) /ng |= 3 (Natnsg) (mg/ma) 
(2arkT3/mg)*(Zae?/kT 3)? 


(log.(2kT3/Zae*K as) —9.961 ]. (10) 


Kihara® has obtained this same result by a different 
method of calculation. 

Because of the manner in which it has been derived 
the relaxation equation, (3), is strictly applicable only 
to states of the system for which our assumption of 
local Boltzmann distributions is valid. Even if such a 
state were to be established at one instant of time (or 
at one point of the flow in the case of a shock transition ) 
the subsequent evolution of the distribution functions 
would most certainly not proceed through a sequence 
of Boltzmann functions which differ only in the values 
of their temperature variables. However, the calcula- 
tion of temperature-time profiles involves only second 
moments of the distribution functions and so should 
be relatively insensitive to minor distortions of these 
functions. This leads one to expect that the integra- 
tion of (3) will not lead to results which are grossly 
unrealistic. Proceeding on this note of optimism we 
obtain [from (3) and (6) ] for a binary mixture 


dR 


32Npas 1 
{ ) 


- t) 
190) (T—R)Qag'?(R)  3(ma+ms) 


Here T= (ma/n) Tat+(ng/n) Ts, the mole average tem- 
perature, is a constant and n=na-+nzg. In terms of the 
dimensionless time, 0 = 16noag"( 2mpas€as) *t/3(matms), 
this equation may be written as 


Tape (t dS 
O= _—— ; 
1 (T*— S) S093" *(.S) 


‘af % (0 
where Tas*=kT ap/€as, 7*=kT/€as, and 
( ) 9 +n l ( rT \ 
Qas 1.1) #( Ton”) = | TO a3" ) mf Qt Has k 1 a3 ) 20008 Il ( 1 ap} 


is the reduced omega integral. 

Finally, (12) can be transformed into an implicit 
equation for AT = T,— 73 by invoking the relationship 
Tag=T+mAT with m=(ngMg—naM,)/n. For the 
inverse power potential, das(r) =€as(oas/r)*, the omega 
integrals are easily evaluated’ and the temperature- 
time profile obtained in closed form. In the case of 
Maxwell molecules (6=4) the approach to equilibrium 
is given by the exponential, 


AT(t)/AT(0) = exp(—t/r), 
with a characteristic time 
T= (Mg+me )/ l6moq3°n- 1“ (4) (4pas€as ) 4, 


6T. Kihara and Y. Midzuno, University of Wisconsin, Theo- 
retical Chem. Lab. Rept. WIS-AEC-24 (1960). 
7 Reference 2, p. 547. 
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Fic. 1. Dependence of the temperature difference upon re- 
duced time for molecules interacting with inverse power poten- 
tials. The curves are calculated for equimolar gas mixtures for 
which mg=1.5 mq and AT (0) = T=€as/k 


For other values of 6 the decay, although not pre- 
cisely exponential, is very nearly so. Calculations based 
upon an equimolar mixture with mg=1.5m, are illus- 
trated in Fig. 1. For the sake of convenience we have 
chosen T=AT (0) =€a3/k, which for simple molecules 
is usually on the order of several hundred degrees 


Kelvin. 
Ill. ROTATIONAL RELAXATION OF ROUGH SPHERES 


The simplest molecular model which incorporates a 
collisional mechanism for the transfer and interchange 
of rotational and translational energies is the rough 
sphere model of Bryan and Pidduck.* A rough sphere 
may be described as a radially symmetrical distribution 
of mass characterized by its moment of inertia J, total 
mass m, and radius o. The linear and rotational veloci- 
ties (relative to a space-fixed frame of reference) of 
such a molecule will be denoted by the symbols ¢ and 
W, respectively. 

The collisional dynamics of these molecules can be 
determined from an examination of the equations of 
impact, 


/ 


C2’ -—C.= — (C;—)) =J, (13) 


I (w.'—ws) =1(wi'—w;) =—ockXmJ, (14) 


and 

AE=3mJ- (Bor +821 y= (15) 
which are, in order of their presentation, statements of 
the conservation laws for the linear momentum, angu- 
lar momentum, and energy of the two colliding mole- 
cules.’ The primed and unprimed variables refer to the 


8 This model is considered in great detail by S. Chapman and 
T. G. Cowling, The Mathematical Theory of Non-Uniform Gases 
(Cambridge University Press, London, 1953), 2nd ed., Chap, 11. 
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dynamical states before and after collision. The unit 
vector k is directed from the center of molecule 1 to 
that of 2 at the moment of their contact; $1 =Ca+ 
okX (Wi+W2) is the relative velocity of the points of 
contact on the surfaces of the two molecules, and 
Cx =C2—C;. Finally, mJ is the collisional impulse im- 
parted to molecule 2 as a result of its encounter with 1. 
With the aid of (13) and (14) the primed variables can 
be eliminated from (15) to yield an equation for this 
impulse 

Ko J —kk JJ+ (1+«) /2=0. (16) 
The value of the dimensionless moment of inertia 
x =4I/mo? varies from zero when the mass is localized 
at the center of the sphere to } when all of the mass is 
concentrated on its surface. 

Our choice of a radially symmetrical mass distribu- 
tion can be expected to apply better to spherical top 
molecules such as CHy, CCly, C(CH3)4, and SF. than 
to species with more eccentric mass distributions. 
Although the theory for more complicated situations 
can easily be constructed, it is not presented here 
because of the notational complexity which it would 
introduce. 

Previous studies have been limited to the two solu- 
tions of Eq. (16), 


J =—kk-cp, (17a) 


for perfectly smooth spheres, and 


J = —x/(«+1) [Bat (1/x)kk- ce) | (17b) 
for perfectly rough spheres. Other solutions define mo- 
lecular models which one reasonably enough may de- 
scribe as “partially rough.” As an example let us con- 
sider the function 

J = Akk-$o:— BG +CkX go, (18) 
where the coefficients A, B, and C are assumed to 
depend only upon the collisional invariants. This 
particular choice for J satisfies the physically appealing 
condition that the angular velocities of the two col- 
liding molecules are unaltered when §» lies parallel to 
k. From (16) and (18) we obtain the relationship 


[x(A—B) (A—B+1) ](k-$2)? 


+[—«B+(x+1) (B+C2) ]G.2=0, (19) 
where Gz» is the component of %: normal tok. 
Although more elaborate models are certainly pos- 
sible, we prefer one which involves a single parameter 
p the value of which varies from zero for smooth spheres 
to unity in the case of perfectly rough spheres. There- 
fore, we shall assume that A, B, and C depend only 
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upon p and so satisfy the conditions [cf. Eqs. (17a) 
and (17b) ] 


p | A B Cc 





1 | —(1-+«)- 


0 (20) 
K(1-+-x«)~ 0. 


Inasmuch as k-g» and Gx are independent of one 
another (19) implies that the coefficients must obey 
the relationships 


(A—B)(A—B+1) =0 
kB— (1+x) (B?+C’) =0. 


(21a) 
(21b) 


The solution A—B=0 is incompatible with the condi- 
tions (20) and so the only acceptable solution of (21a) 
is A=B—1. 

Now the equations of change for the rotational and 
translational temperatures, Tro, and TJ, may be 
written as 


dT ot /dt= —dT,/dt= (3nk) 0? | tee [-catm 
k-co, <0 


X (e122) fifedkde,de,dwidwe. (22) 


Here —o’kK-Codkdt is the element of volume in which 
molecule 2 must lie if it is to collide with 1 during the 
interval (¢, /+dt). The condition k-cs<0 ensures that 
the two actually are proceeding toward one another at 
the instant immediately prior to collision.® 

If we next assume that the distribution functions 
are of the form, 
fc=n(m/2kT ex) 1(1/2akT or)! 

expl— (mc ?2/2kT ur tIw?/2kT rot) J. (23) 


the integration of (22) can easily be performed with 
the result that 


dT rot _ mno* af m -)( I ) 
dt —- 3R(x+1) \4ekT ex \QrkT rot 


x fff (K+C2,) (U—kk) : [e2C21— xo? (Wiwi+W:We) | 


k-¢o,<0 


Xexp{—[(m/4kT tx) cx?+ (1/2kT ror) (wr+w2) J} 


XdCndwidwedk, (24) 


d T ror/ at = —dTi,/dt =_— ( Trot— Tx) /t, 


(25) 


9 Equation (23) can, of course, be derived from arguments 
precisely like those used in Sec. II. A detailed discussion of the 
volume element —o? k-Cx dk dt and of the “precollisional” condi- 
tion k-c,<0 can be found in the papers by O’Toole and Dahler, 
J. Chem. Phys. 32, 1097 (1960) ; 33, 1487, 1496 (1960). 
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where the relaxation time 7 is given by 
r= {[16n0?/3(x+1) ](rkT4./m)*} B(p). 
There are, of course, an infinite set of functions 
B(p) which satisfy the conditions (20), e.g., 
B(p) =px/(1+x), B(p) =px/(1+ x), 


etc. The first of these two choices is somewhat unique 
in that it implies collisional invariance of ga, i.e., that 


(26) 


gor me ei. 


The rate at which an individual molecule collides 
with others is given by the ensemble average collision 
frequency Z=420°n(kT\,/xm)'. Therefore, 


N=Zr=3(x+1)/B(p) (27) 


provides a rough measure of the number of collisions 
necessary to accomplish thermal equilibration of the 
rotational and translational degrees of freedom. In the 
case of p=1 Eq. (27) reduces to the collision number 
for perfectly rough spheres calculated by Widom." As 
p approaches zero NV becomes arbitrarily large and so 
reflects the poor communication which exists between 
the rotational and translational degrees of freedom of 
almost smooth spheres. 

The calculation can easily be extended to a mixture 
of v species, each with different translational and rota- 
tional temperatures. A molecule of the @ species has 
mass Ma, radius og, number density ma, and a reduced 
moment of inertia ka=4/a/maca’. The rate of equilibra- 
tion of the translational temperature of the a compo- 
nent is then given by 


Tan. 


dt _ B 


Tr,a— Pera ) ens T rotia 


Tal B T ap2 


= Peaa Trop (28) 
B T a3 


The relaxation times, expressed in terms of the a-8 
collision frequency Zag=2cag’ng(2rkT tr,a8/bap)* are 
Tapt | =8pap’Zas(Kapt+1+kasBag) /3mams(kast1), (29a) 
Tap? | = S8pas’Z askasBap/3ma°ka(Kast+1), (29b) 
and = Taps? = 8pas*ZaskapBap/3Mamgks(Kast1).  (29c) 
In these formulas ¢as3=¢a+o3, bag=MaMg/(Mat+ma), 


t & ab et Ma Tx,6+ Ms T tz,0) 
and 


Kap >= Kaks/(Makat M xs) . 


The roughness factors, Bag= Bag(p), must satisfy condi- 
tions similar to (20), 


Bag=0: 
Bap= kap/(Kas+1) : 


 B. Widom, J. Chem. Phys. 32, 913 (1960). 


perfectly smooth (30a) 


perfectly rough. = (30b) 
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The rate of change of the rotational temperature is 


dT rot, oe st 
dl Topl. 8 


Trot,a— Tr0t,8 


pies T w.0 
—— 
TaB2 
Trot,a— Ttr,3 
, 


B Taps 


, (31) 


where 


, ; 
Tap = (Mgks/ Ma) Tas2, (32a) 


, > 
Tap2 = Taf2, ( 32b) 


and Tass = (M3/Ma) Ta32- (32c) 

Let us now attempt to relate the mathematical model 
of rough spheres to realistic collisional processes. With 
all due regard for the inherent limitations of any rigid 
molecular model, no one should be too seriously 
offended by the statement that spherical top molecules 
such as those mentioned above are knobby, the protru- 
sions of peripheral groups providing the hooks and 
handles necessary for collisional transmission of angu- 
lar momentum and energy. Therefore, a possible ra- 
tionale for the rough sphere model is obtained by identi- 
fying roughness with knobbiness. Perfect roughness 
then implies a degree of knobbiness so extreme that 
slipping of the molecules over one another is utterly 
impossible. Such a drastic situation is very unlikely to 
exist. Instead, we are inclined to expect that a rather 
large fraction of the collisions will involve almost no 
surface friction, while in others roughness will be very 
much in evidence. Ideally one would examine these 
collisions of knobby molecules in full detail and then 
determine the rotational relaxation times by performing 
a Statistical averaging over dynamical states. The 
rough sphere model replaces the first of these steps by 
an implicit but unspecified averaging procedure which 
serves to define a sort of ‘‘average collisional event.” 
The before-the-fact nature of this averaging process 
would seem to preclude the possibility of determining 
a precise correlation between roughness and knobbiness. 
Nevertheless, an examination of the MO electron clouds 
for spherical tops or even of the familiar Hirschfelder 
classroom demonstration models does allow one to 
develop an intuitive feeling for the degree of roughness 
to be expected for a particular molecular species. 
While this does not provide a means for quantitatively 
estimating “absolute roughness factors,” it could prove 
quite adequate for correlating and interpolating experi- 
mental data on rotational relaxation times of spherical 
top molecules. In fact, it seems likely that a close 
correlation will exist between the roughness parameter 
p and the ratio of the mean radius of curvature of 
peripheral groups to that of the entire molecule. 

At the present time there appears to be no experi- 
mental data from which one can extract values for the 
effective roughness function B(p). However, it is cer- 
tainly reasonable to expect that most complex mole- 
cular species will behave more nearly as partially rough 
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than as perfectly rough spheres. Calculations based 
upon the assumption of perfect roughness may there- 
fore grossly underestimate rotational relaxation times. 
This conclusion has an important bearing upon our 
use of the distribution function (23). Although it is 
generally agreed that the relaxation in momentum 
space to a Boltzmann distribution proceeds very 
rapidly, it is quite another thing to assume the estab- 
lishment of separate Boltzmann distributions with 
different temperatures for rotational and translational 
degrees of freedom. Indeed this will be a reasonable 
assumption only if the collisional mechanism provides 
for much more efficient translational-translational and 
rotational-rotational exchanges of energy than it does 
for the rotational-translational interchange. Thus, it is 
precisely the case for which the roughness function is 
small compared to unity, i.e., when the rough sphere 
equivalent to the knobby molecule is very nearly 
smooth, where the use of a two-temperature distribu- 
tion function will be justified. We assume this type of 
poor communication between translational and rota- 
tional degrees of freedom to exist here in the case of 
rough spheres and in the following sections where 
spherocylinders and loaded spheres are considered. 

As a final step let us examine the rotational relaxa- 
tion of rough spheres a in the presence of an “atomic 
species” 8. The physical model here is that of point 
masses colliding with a rough molecule of radius 
Gag=Catog. This case can be obtained directly from 
our previous results by setting xs=0. Thus, 


d Trot a 16 Masigo as” Bag (= vat) 
dl 3 meg Kap t 1 Mas 


ar pom 16 “MasNgO as Bas 2rk f reer ; 
X | Dota 1 8) — ) taeaae raat aN, eons 
3 Ma  Kaptl Mas 


- Nelo untae dtkT tx a nn al 
+ ——|{ ——— (Tree T ue); (33) 


Kaat 1 


Ma 


where Kea = 2KasHas(Cas/CTac)?/Ma ANd Kog=1e/papOap 
The reciprocal of the coefficient of Trot.a—Ttr,g in 
(33) should correspond to the atom-rough sphere 
relaxation time calculated by Widom. A direct com- 
parison of his results with ours is obtained by con- 
sidering the product of this relaxation time [Eq. (33) ] 
with the collision frequency Zag. This derived quantity, 
which represents the number of collisions required to 
effect thermal equilibrium between the atomic transla- 
‘tional temperature and the molecular rotational tem- 
perature, is found to be 


Nyot,a*? ®= 3 (matmsg) /ma |[ (kast+1) /Bas |. 


For the case of perfect roughness (p=1) our formula 
(34) contains a factor of (ma-++meg) /ma which does not 
appear in Widom’s result." The reason for this differ- 


(34) 


'\ Our o¢ag=¢a+o8 is to be identified with Widom’s molecular 


radius a. 
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ence lies in the fact that Widom took the rough spheres 
to be at rest translationally and so effectively endowed 
them with infinite inertial masses. From (34) we see 
that light atoms are more efficient than heavy ones in 
robbing rough spheres of their rotational energy. 


IV. ROTATIONAL RELAXATION OF 
SPHEROCYLINDERS 


The remainder of this paper is devoted to the calcula- 
tion of rotational relaxation times for molecules which 
interact with impulsive, noncentral forces and whose 
internal mass distributions are nonspherical. The sur- 
faces of the molecules with which we shall be concerned 
are rigid, smooth, convex and symmetrical about a 
principal axis of the internal mass distribution. As a 
first step it will be established that for such molecules 
the component of internal angular momentum about 
the symmetry axis is collisionally invariant. 

We denote by 6, and é the vectors from the centers 
of mass of two such molecules to the point of their 
mutual contact at the instant of collision, and by k 
the unit vector directed toward molecule 2 and normal 
to the common tangent plane at the point of contact. 
All three of these vectors lie in the plane determined 
by e; and @:, the unit vectors directed along the mole- 
cular symmetry axes. The rotation matrix associated 
with the transformation from the space-fixed frame of 
reference to that fixed in the ith molecule will be indi- 
cated by the symbol R;. The orientation of this body- 
fixed frame (with orthonormal unit vectors X;, yi, 
and Z;) is such that Z; lies in the direction of Rj-e;, 
1.€., Zi:=R,;-e,. 

The equations of impact for molecules of this sort 
are [in analogy with (14) and (15) ] 

m2(C2 —C2) = —m (Cy —C)) =K (uJ /2). (35) 
hh: (wi —wi) = — (6:Xk) (uJ/2), (36a) 
lo+ (wo —w,) = (6 Xk) (uJ/2), (36b) 


where C; and w; are the linear and rotational velocities, 
respectively, and |;, the inertial tensor of the ith mole- 
cule (referred to the space-fixed frame). The quantity 
uJ/2 is the magnitude of the collisional impulse. 

By employing the rotation matrices R; and R2 we 
obtain from (36a) and (36b) the equations of impact 
for the axial components of the angular momenta of the 
two molecules 


Zi" + (Rishi Ri”) + Ris (wi —wi) 
= —Z,"+Ri- (6: Xk) (uJ /2) 
=—e"+ (6:Xk) (uJ/2) =0, 
Z2" + (Ros bes Ro”) + Ree (We’ —We) 
=2," + Ro+ (6) XK) (uJ /2) 
=e," + (6k) (uJ/2) =0. 
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Here the superscript 7 indicates the transpose of a 
tensor. In proving this collisional invariance of the 
axial components of the angular momenta explicit use 
has been made of the coplanarity: of the vectors 6;, 
e,, andk. 

Due io the symmetry of the inertial tensor the colli- 
sional change of the rotational energy of the ith mole- 
cule may be expressed in the form 


A Fyot,i=A(3W.7 +1 w,) =}(w,’+w,) “Li (w,/—w, ). 
(38) 


To eliminate the post-collisional variables appearing 
in this formula we must employ the impact equations, 
(35) and (36). Since 6;, e;, and k are coplanar, we may 
write 6; in the form 6;= x,e€;+V kK and so deduce that 
6,Xk= x,e,Xk. If | is nonsingular its inverse, [-' will 
exist and so the impact equations can immediately be 
solved for the collisional increments of the angular 
velocities. By performing these operations and sub- 
stituting the results into (38) one finds that 


AE vot, : 


; 
=n] K-(w.X0,) hu? Ll is (ast-2.xk)| 
bs a=] 


(39) 


In (39) P,=R,-l,-R,7 is the (diagonal) inertial tensor 
referred to the coordinate frame fixed in the ith mole- 
cule. The plus sign appearing in (39) is to be used when 
i=2 and the negative when i=1. The vectors a,, are 
defined to be: 2 =X;, Av =Yi, and Aay3=Z;. 

In the event that the inertial tensors are singular, 
i.e., if Z;7- 1 ;+Z;=1'j3=0, the inverse is not defined and 
so to solve the impact equations one must deal directly 
with the components of the rotational velocities. These 
manipulations are easily accomplished and the results, 
when substituted into (38), lead to the expression 


AE vot, 


=n] KO (WX6.) WIELD s (au -2.xk)*| 


s==] 
(40) 


Because the term in (39) involving s=3 is identically 
zero, the two formulas (39) and (40) are precisely the 
same. Thus we see that the collisional change of the 
rotational energy for molecules with singular inertial 
tensors is in no way different from that for molecules 
with nonsingular mass distributions. 

Because of its collisional invariance, the rotational 
degree of freedom associated with the symmetry axis 
of the convex molecule is “thermally inactive.” This 
means that the equipartition theorem can not be ap- 
plied to this degree of freedom even though the mass 
distribution be nonsingular. This unusual situation is 
an artifact arising from our definition of the molecular 
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model, for even the very slightest amount of coupling 
would suffice to establish the thermal communication 
necessary for this degree of freedom to participate 
fully in determining the equilibrium properties of the 
fluid. However, kinetic theory calculations based upon 
molecular models of this sort must rely solely upon 
collision processes which are allowed by the model to 
effect transfers of energy and momentum. The rota- 
tional temperature should therefore be related to the 
mean rotational energy in the manner 

nkTor= ff f(c, W, «)3w?-|-wdwded a, (41) 
since the inclusion of a factor of 3 on the left-hand side 
of this formula would be inconsistent with the assumed 
collisional dynamics. The nature of the molecular inter- 
actions will also have a significant effect upon the 
attenuation of sonic disturbances by the gas for ¢, the 
volume viscosity arising from the interchange of rota- 
tional and translational energy, is related to the corre- 
sponding relaxation time in the fashion 


$=Wwpr/3(v+3), 


where p is the pressure and v, the number of thermally 
active rotational degrees of freedom per molecule.” 
For rough spheres y will be equal to 3 but y=2 for the 
class of convex molecules described above. 

The spherocylindrical model is a special limiting case 
of the type of molecule just discussed. The virial co- 
efficients for this model have been examined by Kihara® 
and the gas-transport coefficients investigated by 
Curtiss and Muckenfuss.'* A spherocylinder is a rigid 
smooth cylinder of length Z and radius a with rigid 
smooth hemispherical caps, also of radii a, attached at 
each end. By neglecting chattering—repetitive colli- 
sional contacts occurring in the course of an isolated 
binary encounter—an analysis of collisions between 
spherocylinders is easily accomplished. However, the 
error introduced by the omission of chattering will be 
negligible only if the eccentricities of the molecules are 
very small, ie., if La. It should be noted that this 
same condition is necessary in justifying the use of the 
two-temperature distribution functions 


f(e, Ww, a) = n*( a) (m/2rk Ti) iT ( TT els) t/ (2rk i pote ) 1] 
X expl—me?/2kT -—W" + bew/2kT rot]. (42) 


Here, »*(a@) is the number density of molecules with a 
specific orientation, a=(a, 8, y) is the set of Eulerian 


2M. Kohler, Z. Phys. 124, 757 (1947); 125, 715 (1949), and 
Sidney Chapman and T. G. Cowling, The Mathematical Theory 
of Non-Uniform Gases (Cambridge University Press, London, 
1953), 2nd ed. p. 396. For a description of this attenuation in 
terms of the heat capacities associated with internal degrees of 
freedom, see K. F. Herzfeld, Thermodynamics and Physics of 
Matter (Princeton Press, Princeton, New Jersey, 1955). 

3T. Kihara, J. Phys. Soc. Japan 6, 289 (1951); Revs. Modern 
Phys. 25, 831 (1953). 

4C. F. Curtiss and C. Muckenfuss, J. Chem. Phys. 26, 1619 
(1957). 
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angles characterizing the orientation of the body- 
fixed reference frame, and IT',I.I3 the determinant of 
the inertial tensor. 

The relaxation equation can then be written in the 
form 


d Té d= saa 2) 3nk) [- ° .f S(k)kK-$ f(Gi, Wi, a) 
k-82<0 
X f(C2, We, a») [E2(k-$)?2+2Ek-Ck-go1] 
Xdeydwyid adeodwed dk, (43) 


where S(k)dk is the differential surface element of the 
excluded volume.'® The function £ is defined in the 
manner 


E> =1+p[ (6k) -hr-*- (6k) 


+ (62k) -h-!+ (6k) ]. (44) 


Equation (43) can be integrated by the procedures 
developed by Curtiss and Muckenfuss. The result for 
a simple gas is 


dT p/dt=—(Ta—Tiror)/t, (45) 


where 
= ( 167/ 3 )\ 1k T tr m) [On+20p+02 |, (46) 


and 


t fla(2—2—y*)[1+ae(2—2°— y?) } 
on=(2a)*f f° [ dxdy, 
0 


Ie [ita(2—x—y*) P 
1 i, 
o.=Laf {* 
0° 0 


1 a(x?-4-y") | 1 (s"=-9") 
= wef f* At Lh rae YF aedy. 
0 [ita( x+y) P 
The parameter a appearing in (47) is equal to 


mL?/8( ri P2T3) 3 





(47a) 
(1-+-2°—y? ) [1 +ac( 1-+2?—¥? )} 
———dendy, 
[i+a(1+2°—y*) P 





(47b) 


(47c) 


when | is nonsingular and mL?/8I when | is singular. 
When €= Tyot/T tr is equal to unity the © functions are 
related to the U,; integrals of Curtiss and Mucken- 
fuss“ in the manner 0;;=—(a/2r)dU;;/da. In all 
other cases the 6’s must be evaluated by numerical 
methods. 

The collision frequency can be expressed in the form 


Z=An(rkT t-/m)*(Py+2412+ Po) (48) 


and so the number of collisions required to achieve 
thermal equilibrium between the rotational and transla- 


4 In the event that this tensor is singular ':I2:%'; must be re- 
placed with J* where J=T,=T>. 

16 See reference (14) or J. S. Dahler, J. Chem. Phys. 30, 1447 
(1959) for details concerning the excluded volume. 
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tional degrees of freedom is 
N=$(On+22+ bx) /(Ou+20+ 02). 
The © integrals, 


(49) 


Fe | 
b= (20)? f [1+a0(2—x°—y") Jay, (50a) 
0”0 


iss 
by=Laf f [1tac(1+x—y") Paedy, (50b) 
o”0 


1 1 
and @=412[ [ [1tac(s?+y") Jaady, (50c) 
o”0 


can be integrated to give 


3 
1, = (4a?/3) {| <4 (ae) | sin 


ae ) 
1+ae 


(1+2ae)! ae ) 
<. oe sin-{ —— ]}, 
™ ae - (= ] 


‘a 1 3 \ , - ae ; 
= (La/3)}; ae feast 


1 
+ 1 +2(ae) i sinha) 
(a@ 


(1+ae ae | 
(1 ,_(Itae)? i, es 
i cali. ae a (142ae)!]” 


Po = ( L?/24) : +4(ae)!} sink ( = ) 
wo = ( L?/2 ee ae)*} sinh 
ee (ae)! ; 1+ae 


4(1-4:tenyt tee) et SY, eae 
1+ae/} 


ae 


The dependence of V upon a, ¢, and 8B=L/2a is 
shown in Fig. 2. From this figure we see that the num- 
ber of collisions required to reduce the initial tempera- 
ture difference by a factor of 1/e is quite insensitive to 
the values of the two temperatures. In fact, use of the 
value of V for e=1 over the entire range 0<e<2 
results in errors of less than 1%. For many simple 
molecules such as No, Os, Cle, and COs, @ lies in the 
range from 0.1 to 0.3 and so N varies from 4 to 8. 
Experimental measurements” for these gases yield 
values of NV in this same range. Parker" has calculated 
rotational relaxation times based upon soft (nonimpul- 
sive) pair interactions. For the molecular species men- 
tioned above he found N to be about equal to 4 and 
to gradually increase with rising translational tempera- 
ture. In the limit of rigid interactions his results, like 
ours, become virtually independent of temperature. 

Equations (43) and (46) can be generalized in a 
straightforward manner to include an arbitrary number 


a The sources of experimental data are listed in the article by 
Parker; cf. reference fis). 
18 J. G. Parker, Phys. Fluids 2, 449 (1959). 
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of components. Since the results are quite lengthy, we 
present here only one special application of the general 
multicomponent formulas. In shock-tube experiments 
the polyatomic species is often present only in trace 
quantities and so the relaxation of the rotational tem- 
perature occurs principally as the result of atom- 
molecule collisions. By allowing one of the sphero- 
cylindrical species to degenerate into a sphere (L,=0) 
we obtain from the binary rate expression the atom- 
molecule rotational relaxation time 


pis (82/3) (2ark T tr/p) (On +0.) je (52) 


In arriving at this result we have consistently neglected 
terms proportional to m2, the number density of mole- 
cules, and have set the translational temperatures of 
both species equal to T¢,. The atom-molecule collision 
frequency is found to be 


Z=2m(2rkT /u) 3 (Dy O +h) 
and so the rotational collision number may be written 


as 


N=$(On% + O/ (On +0n). 


ae ) 
1+a¢« 


1—2e+a(2—3e) sy] Be 
— sin~'| ————| },_ (54a) 
2fa(e—1) }1(1+e)! Itae | | 
(1+ae)! 


Oy) =2 1 o) — 
sl | 2(1+a) 


(53) 
Here 


Ou =2(ar+a) + (e/a)? sin ( 


1 
2(1+a) 


+sinh—! (ae)! 


i (1—2e) inl (ay (54b) 
——————= sin ——|}, (54b 
2La(e—1) }! l+a 


3 
Py =} (ata) 1+[1/(ae)!+ (ae)? ] sin“ ) | 
1+cae/ | 


(54c) 
Dy) =F L2(ay+a2) | (1+ace)!+[1/(ae)!] sinh (ae)4}, 


(54d) 
and a=pL?/4T> and €= Trot.2/ T tr 


V. ROTATIONAL RELAXATION OF LOADED SPHERES 


A second example of the general model discussed at 
the beginning of Sec. IV is the loaded sphere. This 
model, which was previously considered by Jeans," is a 
rigid sphere of radius a with its center of mass displaced 
from the geometrical center by a distance &. In this 
case 6;XK is also equal to — &;Xk, where &; is the vector 


J. H. Jeans, The Dynamical Theory of Gases (Cambridge 
University Press, London, 1916), p. 121. A recent study of this 
same model [J. S. Dahler, University of Wisconsin Naval Re- 
search Laboratory Rept. WIS-ONR-23 (1956) ] will, in a re- 
vised and amended version, soon be submitted for publication. 


IN DILUTE GASES. 


(0.1,1.0) 


€ 


Fic. 2. Variation of the collision number for spherocylindrical 
molecules with the parameters ¢, a, and 8. Each curve is labeled 
with the two indices (a, 8). The curves for which 8=0 also apply 
to the collision numbers for the loaded sphere model described 
in Sec. V. 


of length & directed from the center of mass to the 
center of geometrical symmetry of the ith molecule. 
The magnitude of the collisional impulse is given by 
tu J =—2Eyk-g», where 


E=1+y[(&Xk) «hr (& Xk) 
+ (&Xk) «b+ (&Xk) J. 


The mathematical procedure for this model is pre- 
cisely analogous to that previously described for 
spherocylinders. Thus, by neglecting chattering (a 
reasonable approximation if <a) one first constructs 
formulas for the collisional changes of the rotational 
and translational energies, then introduces two-tem- 
perature distribution functions, and finally evaluates 
the mean collisional rate of change of the molecular 
energies. For a simple gas the resulting equation of 
change is 


dT ¢x/dt = — 3d T yo¢/dt = — (Ttr— Trot) /7, 


(55) 


(56) 
where the relaxation time is given by 
t= (16/3) n(akT1./m)*Ou 
and the collision number by 
N= $)/0un. 


The 0 and @ integrals appearing in these formulas are 
the same as those given by (47a) and (50a); here a 
is to be identified with m#/2(T,T.T3)* if the mass 
distribution is nonsingular or with mé/21 if it is singu- 
lar. When a@ is extremely small (compared with unity), 
On reduces to $a(2a)? and the relaxation time given 
by (57) becomes identical to that reported by Jeans. 
The functional dependence of V on ¢ and a is given in 
Fig. 2 as the lines corresponding to B=0. 
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Proton magnetic resonance spectra of vinyltrimethylsilane and divinyldimethylsilane in dilute cyclo- 
hexane solution, at 40 Mc/sec, have been analyzed and the parameters compared with those obtained for 
alkylethylenes under similar conditions. The results indicate the presence of dy —p, structures in these silanes. 
Additional anisotropy effects due to the presence of Si may also be involved but are believed not to be solely 
responsible for the effects observed. All the vinyl coupling constants are considerably greater than those 
observed in the alkenes, but are comparable to values obtained for molecules containing vinyl-metal bonds. 


INTRODUCTION 


CONSIDERABLE body of evidence has been 
offered in support of the idea that silicon is able 
to withdraw z electrons from an unsaturated system 
to which it is bonded, despite the fact that it is less 
electronegative than carbon. Presumably this involves 
transfer of charge into the vacant d-orbitals of Si, an 
effect which is superposed on the usual inductive 
transfer in the opposite direction. Evidence for such 
d,— pz bonding has been reported, for example, from 
studies of dipole moments,! molecular structure,’ and 
Hammett o constants.’ This mechanism has also been 
invoked to account for certain aspects of the NMR 
spectra of compounds containing C—Si bonds.*® 
This communication reports the results of a detailed 
study and analysis of the NMR spectra of vinyltri- 
methylsilane (ViMe;Si) and _ divinyldimethylsilane 
(VieMe.Si). The data so obtained have been examined 
for implications concerning the bonding situation in 
these compounds. 


EXPERIMENTAL 


The spectra were observed and measured at 21°C on 
the Varian model 4300B high-resolution spectrometer 
operating at 40 Mc/sec. Spectrograde cyclohexane was 
used as solvent and internal reference. The samples 
were the commercially available materials whose purity 
had been checked independently by gas chromatog- 
raphy. A TMS (tetramethylsilane) reference in cyclo- 
hexane was obtained by measurements at 20, 50, and 
80%, with no perceptible concentration shift outside 
the mean deviation of the calibrations. The spectra of 
the silanes were observed at 10 and 50% concentration 
in cyclohexane with no measurable effect on selected 
strong peaks of the vinylic protons. Finally, the vinylic 
pattern of divinyldimethylsilane was observed in TMS 


* National Science Foundation Cooperative Graduate Fellow, 
1960-61. 

1H. Soffer and T. DeVries, J. Am. Chem. Soc. 73, 5817 (1951). 

2K. Hedberg, J. Am. Chem. Soc. 77, 77 (1955). 

3R. A. Benkeser and H. R. Krysiak, J. Am. Chem. Soc. 75, 
2421 (1953). 

‘1D. E. Webster, J. Chem. Soc. 1960, 5132. 

5 E. Schnell and E. G. Rochow, J. Inorg. & Nuclear Chem. 6, 
303 (1958). 


and found to be identical with that in cyclohexane. 
Accordingly, the vinyl region was measured at ~10% 
and the methyl peak at ~50% in cyclohexane. Each 
spectrum was measured four times, and the mean devia- 
tion for each peak was 0.1 cps, or less. 

Figure 1 shows the vinylic region of ViMe;Si which 
is that of a collapsed ABC pattern. The two small 
peaks designated 2 and 4 are real. They were repeatedly 
observed and were accounted for in the analysis. The 
methyl peak (not shown) is a single sharp peak, indi- 
cating the absence of any observable coupling with the 
vinyl protons. All of the observed peaks and their 
intensities are given in Tables I and II, except for the 
methyl peak which is simply listed as wa at the top of 
each table. 

RESULTS AND DISCUSSION 

The values of the chemical shifts and coupling con- 
stants, shown in Tables I and II, were obtained by 
numerically fitting the observed spectra. The maximum 
discrepancy between observed and calculated shifts, 
0.2 cps, occurs for only two peaks, and the over-all 
agreement is within the mean deviation of the measure- 
ments. The calculated intensities also agree quite well, 
especially in view of the fact that partial overlapping 
of some of the stronger lines in the central region of the 
spectra increases the uncertainty in the observed 
intensities. 

Initially, attempts were made to fit the spectra 
using trial values of the coupling constants typical of 
most vinylic systems. As these values failed to provide 
a satisfactory solution, the range was extended con- 
siderably. The final values obtained are much larger 
than the usual ones (J.is~10 cps, J trans~16 cps), but 
are quite comparable to the coupling constants re- 
cently reported for tetravinyltin, trivinylaluminum 
etherate, and divinylmercury.’ It is interesting to 
observe that for all of these compounds and the silanes 
the sum of the coupling constants is ~40 cps. Com- 
monly, this sum in vinyl derivatives will be ~20 cps 
or ~30 cps, the former being associated with sub- 
stituents capable of donating lone-pair electrons and 
the latter with substituents that do not possess this 


®D. W. Moore and J. A. Happe, J. Phys. Chem. 65, 224 (1961). 
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Fic. 1. Proton magnetic resonance spectrum of vinyltrimethyl- 
silane in dilute cyclohexane solution (~10%) at 40 Mc/sec. 





capacity.’ The sum of 40 cps is also associated with 
relatively large values of Jem, implying a decrease in 
the HCH angle.’ For tetravinylsilane two other sets of 
Tas_e I. NMR Spectrum and parameters for 
vinyltrimethylsilane.* 
(b) H H (c) 
C=C 
J 

(a) H Si(CHs)3 (d) 

Ja=3.8 
Jac=20.4 


Joe= 14.6 


We= — 167.3 
w= —177.0 
w= — 186.5 


wa=55.4 


Frequency Intensity 


Obs 


Calc Obs 


0.06 

(0.01) 

0.16 

(0.02) 
Ms 
.25 
88 88 
.00 .09 
.78 80 
34 .26 
i 10 


~209. 
— 207. 
—195. 
-193. 
— 186. 
-181. 
-179. 
—177. 
—174. 
—171. 
—165. 
~—163. 
—158. 
—149, 

142. 


— 209. 
—207 
—195. 
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—186. 
—181. 
—179, 
—177. 
—174. 
—171. 
-165. 


WAU wN— 


a 


—UN eK Ue 


~ 


wn 
NN wo 


).12 ).09 
.09 07 
01 


~~: 


~158.2 
~149. 


= 
~ 


Nm 








® Values are in cps at 40 Mc/sec relative to cyclohexane as solvent and in- 
ternal reference. Values in parentheses were measured by interpolation between 
peaks calibrated from sideband markers, and are probably accurate to within 
0.3 cps. 


7G. S. Reddy and J. H. Goldstein, J. Chem. Phys. 35, 380 
(1961). 

8H. S. Gutowsky, M. Karplus, and D. M. Grant, J. Chem. 
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TaBLeE II. NMR Spectrum and parameters for 
divinyldimethylsilane.* 


(b) H 
C 
ae 
(a) H 
Wq= — 168.7 
w= —179.3 
w= — 186.3 
wq=52.9 


Frequency 


(c) HY 
Cc 
2Si(CHs3)2 (d) 
Ja=3.7 
Jac=20.2 
Jic= 14.6 


Intensity 


Peak 


No. Obs Calc Obs 


0.03 


— 209. 


—209. 
— 208. 
—195. 
—194, 
— 188. 
— 181. 
— 180. 
—179. 
—175. 


—195. 0.12 
0.12 
0.33 
0.98 
1.00 
0.78 
0.37 
0. 


—188. 
—181. 
— 180. 
—179, 
9 —175.: 
10 — 174. —174. 
11 — 166. — 1066. 
12 ans —165. 
13 —159.9 —160. 
14 —150.8 — 150. 
15 en —144. 


DNWIDAMNE WN 


SCHR WCONKCHNE 


0.¢ 
0. 


oo 


and in- 
ternal reference. 


coupling constants have recently been reported: 
Jgem=1.0, Jeis=—10.7, J trans=15.3 and Joem=0.2, 
Jcis=—11.6 and Jtrans=14.4.2 However, difficulties 
in identification due to overlapping of some spectral 
lines were reported and in any case these parameters 
will not fit our spectra. 

In order to discuss the chemical shifts of the two 
silanes they have been converted to a TMS reference 
and are compared with the vinyl proton shifts for 
hexene-1"° in Table III. The hexene values differ by no 


TABLE III. Comparison of chemical shifts in vinylsilanes and 
hexene-1.* 


Hexene-1 


ViMe;Si 





— 197.6 — 226.6 —225.2 


—195.1 37. 9 


Wa (cis) 

w, (trans) 
— 228.7 : 4 
—80.0> nS ia 


we (a) 


Me 


® All values in cps at 40 Mc/sec relative to TMS, using —57.9 cps as the shift 
of cyclohexane relative to TMS. The values for hexene-1 are those of reference 
10, converted to 40 Mc/sec. 

> Terminal methyl group in butene 1. Data from reference 10 converted to 
40 Mc/sec. 


®°W. Brugel, Th. Ankel, and F. Kruckeberg, Z. Elektrochem. 
64, 1121 (1960). 

1 A. A. Bothner-By and C. Naar-Colin, J. Am. Chem. Soc. 
83, 231 (1961). 
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more than a cycle from those for propylene, and were 
obtained under conditions quite similar to those em- 
ployed here. 

The most unusual feature of the vinyl proton shifts 
in the silanes is the fact that they are all considerably 
lower than the corresponding shifts in hexene-1. The 
greatest difference occurs for the trans proton which in 
the silanes is about 40 cps lower than that in hexene-1 
or propylene. Since the shift for ethylene in dilute 
TMS solution is —211 cps it is evident that alkyl sub- 
stitution, as in propylene or hexene-1, displaces each 
8 proton upfield by 13-16 cps. In view of the fact that 
carbon is appreciably more electronegative than silicon 
(%c=2.5 and «si=1.8)," an even greater upfield dis- 
placement would be expected on the basis of naive 
inductive considerations alone. However, d,— p, bond- 
ing between carbon and silicon would oppose this 
effect and could conceivably reverse it. 

Additional evidence of an indirect nature bearing 
on the possibility of d,—p, bonding in the vinylsilanes 
is provided by the NMR spectrum of vinyltrichloro- 
silane, ViSiCl;. As observed here, the spectrum of this 
compound in TMS (~10% solution) consists of a 
single slightly broadened peak, with a suggestion of 
structure, at —248 cps from TMS. The spectrum ap- 
pears to be that of a strongly collapsed ABC system, 
with all three vinylic shifts lying near —248 cps. Ex- 
amination of the spectrum in 5% TMS solution also 
revealed no significant concentration effect. Comparison 
with the vinylic shifts in ViMe;Si indicates that replace- 
ment of the three methyl groups by chlorines has 
affected the a proton only moderately, ~4 cps, but has 
displaced the 8 protons downfield by 10-20 cps. This 
could be accounted for by an increase in d,— p, bonding 
resulting from the electron-withdrawing effect of the 
chlorine atoms on the silicon atom, which would act 
to release silicon orbitals for use in double bonding. 
Such an explanation, for example, has been proposed 
to account for the dependence of the Si-Cl bond length 
upon the nature of the other groups attached to the 
Si atom.” 

To a lesser extent, progressive replacement of methy] 
by the more electronegative vinyl group might also 


NL. Pauling, The Nature of the Chemical Bond (Cornell Uni- 
versity Press, Ithaca, New York, 1960), 3rd ed., p. 90. 
” Reference 11, pp. 311-2. 


GOLDSTEIN, 


AND REDDY 


increase double-bonding, thus accounting for the down- 
field trends in VipMeSi as compared with ViMe;Si. 
The a-proton shifts are essentially identical in these 
two compounds but all other shifts are unmistakably, 
though not greatly, lower in the divinyl compound. 
The methyl shifts decrease regularly in the sequence 
TMS, ViMe;Si, and VisMe2Si, indicating also the 
possible occurrence of such structures as Me+=Si-=. 
Hyperconjugated structures of this type have been 
suggested to account for the decrease in C-Si bond 
length in the sequence MeSiH;, MeSiH.F, 
MeSiHF>.!*-4 

It has at times been suggested that the anomalously 
low value of the a-proton shift in propylene might result 
from diamagnetic anisotropy of the =C—C bond, but 
this explanation does not appear completely satisfactory 
at present.'° In all the vinyl silanes discussed here the 
a-proton shifts (—244 to —248 cps) lie 15-20 cps 
lower than in propylene, and approach the a-shift 
value in vinyl chloride (— 247 cps). A possible explana- 
tion for this situation could be formulated in terms of 
the anisotropy of the =C—Si bond, which could 
reasonably be expected to exceed that in =C—C. 
Although this possibility should be left open, pending 
further investigation, the dependence of the 8 shifts 
upon the substituents on the Si atom indicates that 
d,—p, bonding is at least partially, and possibly 
largely, responsible for the low values observed. Thus, 
for example, replacement of —SiMe; by —SiCl; de- 
presses the 8 shifts by about the same amount as does 
replacement of an alkyl group by SiMe;. This appears 
to be too great a change to ascribe solely to the differ- 
ence in anisotropy of C—SiMe; and C—SiCl,. 
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The optical absorption spectra of several Co-doped oxide systems (MgO, ZnO, aluminum spinel, yttrium 
gallium garnet, and germanium garnets) have been studied at room temperature, 78°, and 4.2°K, and 
analyzed using the formalism of the crystal-field theory. Oscillator strengths and cubic-field parameters 
have been derived. The observed data for tetrahedrally coordinated Co** are found to agree satisfactorily 
with the theoretical predictions. The effect of the spin-orbit coupling on the cubic-field terms has been 
calculated and the predicted splitting compared with the structure of the absorption bands of MgO:Co 
and ZnO:Co. The optical absorption properties of MgO:Co and ZnO:Co are used to infer the site sym- 
metry of Co*+ in systems (spinels and garnets) in which the cations occupy sites of different symmetry. 


I. INTRODUCTION 


HE optical absorption properties of oxide systems 

doped with Ni have been discussed in the previous 
article,’ using the formalism of the crystal-field theory 
with considerable success, even in the case of ZnO, 
whose properties are usually treated using the approxi- 
mation of the band model. 

A similar approach will be presently used in consider- 
ing the optical properties of the oxide systems previ- 
ously investigated, and doped now with Co. Also with 
the Co-doped systems in question, the experimental 
study was begun with the aim of verifying some predic- 
tions of the crystal-field theory for tetrahedrally co- 
ordinated ions and in order to have some direct evidence 
as to the ionic site preference in spinel and garnet 
systems, where the iron-group ions have available 
different valence states and different symmetry sites. 

Another general purpose of the present study was to 
look for narrow absorptions, using properly dilute 
samples and low temperatures, since, whenever experi- 
mentally narrow absorptions are found, more detailed 
information can be obtained on the nature of the elec- 
tronic energy levels of unfilled d-shell systems and, by 
inference, on the effect of the rest of the lattice at the 
site of the paramagnetic electron. So the following 
oxide systems have been studied: Co-doped single 
crystals of MgO; ZnO; MgAl.O,, yttrium gallium 
garnet, and two germanium garnet powders. The 
origin and preparation of the samples will be discussed 
in the sections describing the details of the absorption 
spectra. Details of the experimental procedure are 
given in references 1 and 2. 


II. MgO:Co 
A. Observed Spectrum 


The absorption spectrum of a Co-doped magnesium 
oxide crystal has been reported by Low.* The spectra 

* Paper presented at the Thanksgiving meeting of the American 
Physical Society, Chicago, November, 1960. 

t Visiting Scholar, 1959-60. 

1 R, Pappalardo, D. L. Wood, and R. C. Linares, Jr., J. Chem. 
Phys. 35, 1460 (1961). 

2R. Pappalardo and D. L. Wood, J. Chem. Phys. 33, 1734 
(1960). 

3W. Low, Phys. Rev. 109, 256 (1958). 


we report here show considerably more detail and have 
furthermore been taken at much lower temperatures. 
Co ions in MgO are octahedrally coordinated to the 
oxygen anions. Therefore the spectra of MgO:Co 
together with the corresponding ones for ZnO:Co, in 
which Co is tetrahedrally coordinated, form reference 
spectra from which conclusions may be drawn by 
analogy about the site preference of the Co impurity in 
systems where different kinds of sites are available. 

Also, in a system possessing cubic symmetry and a 
center of inversion, such as MgO, effects due to lattice 
vibrations should be very important in making possible 
electric-dipole transitions within the 3d shell. The 
presence of considerable structure in the observed 
absorption should be of great help in performing an 
analysis of the lattice vibrations associated with the 
electronic transitions. The importance of these spectra, 
in connection with the analogous spectrum of ZnO:Co 
(where the site symmetry is tetrahedral) is that it 
allows one to draw conclusions from the absorption 
spectra, as to the site preference of Co in various 
systems (spinel, garnets, etc.) where different kinds of 
sites are available to the Co impurity ions. 

The pink MgO crystal used (3.7 mm thick) was 
supplied by Semielements Inc., Saxonbourg, Pennsyl- 
vania and has a spectrum consisting of two groups of 
absorptions, one near 8500 cm™ and one near 20 000 
cm~, The absorption spectra at 78° and 4.2°K are 
shown in Figs. 1 and 2 and relevant data are listed in 
Tables I and II. The effects of cooling from 78° to 
4.2°K on the first absorption band at 8500 cm are 
not very pronounced, with the exception of the re- 
markable sharpening of the first triplet Ao at 8150 
cm~!. The energy separations of the components of the 
triplet are quite small (16 and 40 cm“, respectively) 
and the half-widths of the lines are only 6 and 11 cm™, 
at 4.2°K, with a scanning speed of 25 A/sec and slit- 
width 0.15 mm. The same triplet structure seems to 
be present, though less distinct, in the narrow absorp- 
tions we labeled A; and Ag (Fig. 1). 

The absorption band at 20 000 cm~ has a threefold 
structure at 78°K, with the main peaks separated by 
some 1000 cm™ and it shows some finer structure at 
4.2°K (Fig. 2, Table IT). 


2041 





PAPPALARDO, 


WAVELENGTH, {Z 
1.15 1.20 
q 





1.25 
T 


MgO: Co 
(a) AT 78°K 
(b) aT 4.2°K 


T 


OPTICAL DENSITY (ARBITRARY ORIGIN) 











9.5 9.0 8.5 8.0 
FREQUENCY ,10° CM~* 


Fic. 1. Absorption in the 8500 cm™ region of a single crystal 
of MgO:Co. Sample thickness, 0.37 cm. Amount of Co, 0.20% of 
total weight. (a) At 78°K. (b) At 4.2°K. The ordinates are given 
in optical density [logio(Zo/Z) J. 


B. Identification of Bands and Determination of 
Crystal-Field Parameters 


There is little doubt that the absorption is due*~ to 
Co**. Since there is only a small amount of Co present 
in the crystal, one expects to detect only the crystal- 
field transitions which have higher probability, namely, 
the transitions within quartet cubic-field terms.* The 
energy separation of these levels, in a treatment which 
neglects the effects due to the spin-orbit interaction,’ 
is expressed in terms of two parameters Dg and B as 
shown in Table III, together with the corresponding 
absorption bands. 

With typical values for the parameters found for 
divalent ions®” in octahedral coordination of oxygens 
(and water molecules), namely Dg/B~1, a doublet 
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Fic. 2. Same as Fig. 1, but in the 20000 cm™ region. (a) At 


78°K. (b) At 4.2°K. Arrows indicate minor structure present 
at 4.2°K. 


‘A. Abragam and M. H. L. Pryce, Proc. Roy. Soc. (London) 
A205, 135 (1951); A206, 173 (1951). 

°C. K. Jgrgensen, Report to the Tenth Solvay Council, 1956. 

6 The considerations of the present article will only be related 
to cubic-field terms (identified by a given ST, e.g., *F2) so that 
no confusion should arise with the free-ion multiplet compo- 
nents?St!JZ ;, 


7Y. Tanabe and S. Sugano, J. Phys. Soc. Japan 9, 753 (1954). 
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Taste I. MgO:CO (0.20% of total weight). Sample 0.37 cm 
thick. Temperature: 78°K. 








Extinction Half-width 

coefficient at 

a@=}famax Oscillator 
(cm™) strength 


Absorp- Wave- 
tion length 
peaks (A) 


Wave 
number 
(cm) 


max 
(cm) 





12 270 
12 245 


12 02 


8150 0.24) 
8166 0.13 ~ 


8316 


11 650 8583 
11 420 8756 


7100 (?) 14 084 
5300° 
C 5065 
D 4850 


2.0K107 
1.2107 


1.7X10°* » 


18 868 0.3 
19 745 0.6 1.6K 10~° 
20 618 0.32 


® Inclusive of long tail towards high energies (Fig. 1 
b Shoulder 


term ,”£ is predicted to have energy close to that of 
‘F,. This might in principle affect the position of *F, 
when spin-orbit coupling is taken into account. At any 
rate, we assume this effect to be small (this will be dis- 
cussed later) and that the position of *F: coincides with 
the observed triplet Ao (that is, within the uncertainty 
of a lattice vibrational energy and of the spin-orbit 
stabilization both of *F, and ,'F\, to be discussed later). 
As far as the band B at ~ 20 000 cm“ is concerned, 
one expects the quartet ,'F; and ‘42 to fall close in 
energy to the doublets ,?Fi, .?F2; so we tentatively 
assign the position of the baricenter of the »4F, multiplet 
as the center peak of band C. These assignments allow 
the determination of the values of the crystal param- 
eters as 
B=845 cm"; 


| |Dq| =927 cm; Dg/B=1.097. (1) 


Taste IT. MgO:Co (0.20%) ; Sample 0.37 cm thick. Temperature 
4.2°K 


Extinction Half-width 
coefficient at 
his demas Oscillator 


Wave- 
length 
(A) 


Absorp- 
tion 
peaks 


Wave 
number 
(cm™) 


Qmax 


(cm™) (cm7?) strength 


8146.6 


0.43 6 1.0X1077 
8163.2 0.38 11 1.61077 
8203 0.32 11 1.3107 


8319. 0.24 
8350. 0.18 
8403. : | 


8547 si? 
11 630 8598 .4 4 | 
1i 583 8633.3 a7 


5388 18 559 
5320 18 797 


12 275 
Ao 12 250 
12 190 
12 020 
11 975 
11 900 
11 700 


4.0X107 


2.3X10-* » 


C 5070 19 723 1.6X 10-5 


D 4865 20 555) 
4800 20 833) 





® Inclusive of long tail to high energies (Fig. 1). 
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TABLE IIT. MgO:Co. Qu 


Co-DOPED OXIDES 


artet terms (see text). 








Energy 





Observed absorption 





(mainly ded?) 
(ded) 


ground term. 


(mainly de‘dy*) 


(dédy*) 


4A, 


The position of the doublet terms will also depend on 
the value of the parameter C of electrostatic interaction. 
When this is known, the eigenvalues of the orbital and 
Coulombic energy are obtained by solving secular 
equations of the fifth order for ?F,; and ?F2, and of 
fourth order for 74. 

The energy-levels scheme of Fig. 3 has been drawn 
assuming the value C=4.5 B. Wavefunctions for the 
various doublet terms in the cubic-symmetry basis are 
tabulated in Appendix I. 


C. Spin-Orbit Coupling Effects for Co*' 


Since the absorption shows considerable structure, 
it will be worth while to see if this structure can be 
correlated to spin-orbit effects. Both in tetrahedral 
and octahedral coordination the ground state of Co? 
is a quartet; this implies that the more intense transi- 
tions within the 3d shell will connect the quartet levels. 

When the spin-orbit coupling interaction is taken 
into account, some of the degeneracy of the cubic- 
field terms (characterized by a given couple of ST 
quantum numbers) is lifted and accordingly the cubic- 
field terms will split. We are, in particular, interested 
in considering these effects on the quartet levels. 

A prediction of the maximum number of levels to be 
expected from the spin-orbit splitting of the cubic- 
symmetry terms can be obtained by considering the 
transformation properties of the spin and angular 
momentum product space. Since the cubic-group 
representation corresponding® to S=} is I's and that 
corresponding to S= $ is T's one will have to consider 
the products: 


for 4Fy: TeX Ty=Pe+T74+27Ps, 


"Po: TeX Ts=Tet+T7 +270, 


4As: I'sX r. = rs, (2) 


while for the doublet terms the corresponding products 


are 
2E: TeXT3=Ps, 


"Fy: TeX Ts=Tst+Ts, 


2Fo: TeX Ts=Ps+Tv. (3) 


The effect of the spin-orbit coupling will also cause a 
mixing of the various cubic-field terms. The matrices of 


8 H. Bethe, Ann. phys 3, 181 (1929). 


3[10Dq—15B-+ (225B?+180BDq+100Dq2)} 
[225B2-+180BDq+100Dq?} 
}(30Dq—15B+ (225B?+180BDq+100D¢@)*) 


8150 cm™ (group Ao) 


19 700 cm™ (central peak of band) 


the spin-orbit coupling in such case are expressed as 
(aSTM.y | Vq,(1F1) | a’ S’T’M,'y') 


and can be evaluated by using the formalism of Tanabe 
and Sugano’ (TS) and the tables of Tanabe and 
Kamimura® (TK). 


PREDICTED OBSERVED 





4 
° rig 




















Fic. 3. Left: Energy-level scheme for Co** in MgO, assuming 
| Dg |=927 cm; B=845 cm; C=4.5B. Transitions to quartet 
terms are expected to have higher probability. Right: Position of 
experimental absorptions used in the calculations. 


®Y. Tanabe and H. Kamimura, J. Phys. Soc. Japan 13, 394 
(1958). 
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Fic. 4. Left: Spin-orbit splitting of quartet terms (first order) ; 
@=1.81; ca=—2.82. The energy separation of cubic-field terms 
is only schematic. Right: Observed energy differences in the 
absorption of MgO:Co. The assignment is made that the first 
peak of the band in the visible is connected to ;?F2 (Fig. 3 and 
text). 


For the sake of simplicity we shall first limit our con- 
siderations to matrix elements which are diagonal in 
the cubic-field terms, with some remarks about non- 
diagonal matrix elements. 

In TS and TK formalism’* the matrix elements are 
evaluated using systematically the Wigner-Eckart 
theorem” in order to split the matrix element into one 
part which depends on the symmetry properties of the 
system (implicitly expressed by Clebsch-Gordon co- 
efficients) and another part, a double-barred matrix, 
which will be constant for given ST and S’T”’ pairs 
and all the allowed values of the pairs M,y and M,’y’. 
In detail, 


(aSTM ey | Vq,(1F:) | a’ S'T’M,'y') 


= (aST || V(1F)) || a’ S’T’)[(2S+1) (LT) J? 


X (SM, | S’M,'q) (Ty | T’y’Fiy). (4) 


The following results are obtained: For the *F2 term, 
one finds the eignevalues of the spin-orbit energy by 
solving the following secular equation: 

|| GFMoy 


Voy(1F) | 4F.M,'y') 


—W 8(M.M,')8(yy’) || =O. (5) 


1M. E. Rose, Elementary Theory of Angular Momentum 
(John Wiley & Sons, Inc., New York, 1957). 
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The spin-orbit splitting in first-order is given by 
Wi=— tha 

[sixfold degeneracy; representations 'y+I; (or T's) ] 
W2= ka 

(fourfold degeneracy; representations I's) 
W3=Poba 

[twofold degeneracy; representations I's (or Tz) ]. (6) 


Note, incidentally, that the prediction of the group- 
theory on the degeneracy of the resulting levels are 
verified in the results of the calculations. There exists, 
though, an accidental degeneracy of I's and one of the 
twofold-degenerate multiplet components. The relation 
between the two spin-orbit coupling constants in the 
JLSM scheme (H,,=\L-S) and in the zero-order 


scheme 
(Ho= Dial is; ), 
+ 


both using cubic-symmetry 3d wave functions as basis, 
is given by {¢=—3A, and can also be derived using TK 
formalism. 

It must be pointed out that the calculated first- 
order effect of spin-orbit coupling does not depend on 
the type of coordination present (octahedral, tetra- 
hedral, or dodecahedral) but simply on the value of the 
spin-orbit constants. With \=— 180 cm™, which is the 
value deduced from free-ion emission spectra,® one has 
the energy splitting shown in Fig. 4. 

The situation is less simple for 47; symmetry species. 
There are in fact two such cubic-field terms ,*F, and 
»'F 1, which are a linear combination of states with well- 
defined subshell configuration, 


| 4F,)=cos6 | de*(3F,) dy?) —sin@ | dédy*(* A») ), (7) 


and analogously for ,4F;. This implies that the value of 
the spin-orbit interaction matrices will depend on the 
values of the mixing coefficients cos@ and sin@. Since the 
mixing of states with well-defined subshell configura- 
tion is caused by the Coulombic interaction and de- 
pends on the crystal-field separation of the two terms 
| 4F\[det(8F;)dy*]) and | 4Fi[dedy?(*A2) ]), one ob- 
tains cos@ and sin@ from the consideration of the secular 
determinant? 


‘F; de‘ (3 F\) dy’ dédy(* Az) 


dé (3F,)dy* | 2Dq—3B—W 6B 


—8Dqg—12B—W | =0 (8) 


dédy*(*A2) | 6B 
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with eigenvalues!" 
W.=3L—15B+6Dq— (225B?+-180D¢B+100D¢")*], 
W»=$L—15B+6D¢q+ (225B?+180DgB+ 100D¢")! ]. 
(9) 

A similar treatment for the spin-orbit splitting of ‘7; 
has been given by Koide." The nondiagonal matrix 
element in Eq. (8) is given by Koide with a different 
sign from Tanabe and Sugano.’ Using the value 6B for 
the matrix element in question, we evaluated the spin- 
orbit splitting using TK formalism.® 

First, the ‘F; cubic-field terms are expressed as 
follows: 


| ofF1)= cos6 | detdy*)— sind | dedy*), 
| 4F1)= cos6’ | dedy*®)— sind’ | dedy?), (7b) 
and the mixing coefficients are obtained via the relations 
tan20=—12B/(10Dq+9B); 6’=0—90°; 
sin2@ = — 12B(225B’+-180DgB+-100D¢*) >. 
The spin-orbit splittings are 
a'F: 


(8) 


Wi=—lken, 
W2= +éfcn, 


Ws= attr, 


(sixfold: I's+T;) 
(fourfold: I's) 


(twofold: Tg) (9) 


with n=a, b 


Co= cos*?@—2 sin*6—2 sin26, 


(10) 


and similarly for ca. 

The value of c, will be altered by a change of the 
coordination from octahedral to tetrahedral or cubic 
(body-centered). Once the values of B and Dg are 
known in a given coordination, tan2@ and c, can be 
easily evaluated. 

In the particular case of MgO:Co?*+ one finds, for 
B=845 cm"; |Dq|=927 cm, the following 
expressions: 


co=1.81, ca=—2.81,% (11a) 


| 8F1)=0.9636 | detdy?)+0.2672 | deédy?), 


| *F,)=—0.2672 | detdy*)+-0.9636 | de'dy?). 


(12) 


As a check on the correctness of the form of the two 
wave functions, the energy separation of the two ‘F; 
terms has been calculated directly using the wave 
functions and the values of the crystal-field parameters 
derived in Eq. (1). The energy separation obtained 
coincided with the numerical value given in Table III. 


| We use for the sake of notational simplicity Dg? instead of 
the more correct (Dqg)?. 

2S. Koide, Phil. Mag. 4, 243 (1959). 

8 In close agreement with Koide’s values.‘* 


OF Co-DOPED OXIDES 2045 
As it will be shown treating the case of ZnO:Co, the 
corresponding spin-orbit splitting factors for ‘F, terms 

are 
Co= 1.835, 


Ca = — 2.834, (11b) 


so that the difference from tetrahedral to octahedral 
coordination is not large. The numerical value of the 
splitting is given in Fig. 4. 

The spin-orbit stabilization of the ground level is 
633 cm™, and on account of the experimental uncer- 
tainty as to the position of the baricenter of ,'F1, no 
attempt will be made to improve the sets of values for 
B and Dg [Eq. (1) J, by considering the small effect of 
the spin-orbit stabilization of the ground level. 


D. Second-Order Treatment of Spin-Orbit Effects 


So far we have only considered the effect of the spin- 
orbit coupling on the individual cubic-field terms. In 
a more complete treatment the mixing of different 
cubic-field terms should be taken into account, because 
it might considerably affect the energy of terms lying 
close to each other. Unfortunately, the complications 
of the secular equations to be solved are considerably 
increased in a second-order treatment. The first-order 
treatment of ‘Ff, for example, involves a 12X12 
secular determinant; in second order even limiting the 
mixing to one ?F; term, the secular equation has dimen- 
sions 18X18. We wish now simply to point out that 
spin-orbit mixing may @ priori be important for *F2 
and the nearby ,?£ and for »‘F; and ,?F; (Fig. 3). 

In order to have the eigenvalues and eigenvectors of 
the doublet terms it is necessary to know the parameter 
C of electrostatic interaction. When this is known, it 
is possible to express the doublets ?F; and ?F: as a 
linear combination of five states with definite subshell 
configuration and symmetry properties; similarly ?£ 
as a linear combination of four such states. However, 
in the limit in which the nondiagonal matrix elements 
of the Coulomb interaction are neglected, the lowest 
*E level will be (Appendix I) essentially *E(de‘dy) 
and as such it will not be coupled to *F2(de‘dy*) by 
spin-orbit interaction, as one can immediately see. 

Second-order treatment of the spin-orbit mixing of 
‘F, and 4‘F; (also ,4F,) with other terms (doublets for 
simplicity) can be used to determine the symmetry 
properties of the multiplet components of 4F: and *F; 
which are accidentally degenerate in first-order 
treatment. 

This can be exemplified, for instance, by the mixing 
of ‘F, and ?F;. In the total angular momentum space 
the double-valued representations pertaining to ‘Fi 
and ?F; in cubic symmetry are 


4F,>T.+1T74+27Ps, 
°F, ole +Ts. 


(2b) 
(3b) 


When the angular part of the secular equation (18X 18) 
for the mixing of ‘F, and ?F; is considered, two roots 
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Fic. 5. ZnO:Co 


0.17°%; sample thickness, 0.2 mm). Absorp 
tion in the 7000 cm 


1 region. (a) At 4.2°K. (b) At 78°K. 


factor out of the secular equation. Their energy is 
so they belong to the sixfold-degenerate (first- 
order) multiplet components. This immediately shows 
that the transformation properties for the Kramers 
doublets contained therein is T;. The results are shown 
in Eq. (9). 

A similar reasoning applied to ‘Ff, shows that the 
symmetry properties for the sixfold (first-order) 
multiplet component are I's and Is. 


an 
a$&ny 


E. Comments on the Structure of the Absorption 


When the observed distance Ap— A; in the absorp- 
tion at ~8000 cm™ is compared with the predicted 
separation due to first-order spin-orbit effects, the 
agreement found is good (Fig. 4). As for the fine struc- 
ture of triplet Ao, it could, for example, be due to 
higher-order effects of the spin-orbit interaction, or to 
very weak departure from cubic symmetry. 

On the other hand, the observed agreement could 
be fortuitous; in fact, there is a close similarity in the 
structure of Ao, A, and A, to support the contention 
that A; and A, may be vibrational replicas of Ao. Also 
we would like to point out the close similarity in the 
separation of groups Ay—A1; A1—A2 in MgO:Co and 
the separations of lines A;—~A2; Ax>A; in MgO:Ni 
in the corresponding frequency region.' As far as the 
»'F term is concerned, if the first peak of the group at 
20 000 cm= is assigned, according to the energy-level 
scheme of Fig. 3, to 2, then the central peak (19 720 
cm-') and the third peak of the band at ~20000 
cm-! correspond to the multiplet components of »*F. 
However, it is found that the width of the group is in 


poor agreement with the predicted multiplet width 
(Fig. 4). 

On the other hand, an alteration of the value of the 
parameter C (we assumed C=4.5B) would increase 
the number of cubic-field terms with energy in the 
vicinity of the absorption band at ~20000 cm. 
Additional work on more heavily doped samples should 
be performed in order to find the position of some of 
the predicted doublet levels, so as to have a sounder 
experimental basis on which to try to interpret the 
absorption in the 20000 cm™ region. 


Ill. ZnO:Co 


A. Preparation of Samples 


Thin plates of Co-doped single crystals of ZnO 
(hexagonal, zincite structure) were prepared using the 
flux technique," in which the ZnO-PbF, melt contained 
in a platinum crucible was slowly cooled from 1150° to 
800°C at the rate of cooling of 5°C/hr. Single crystals 
containing a nominal doping of 5% Co, are almost 
opaque in thickness ~0.010 in.: A more convenient 
amount of Co impurities was found with a nominal 
doping of 0.5%, the plates having a bluish-green color. 
The quantitative determination of Co-doping in the 
samples used was performed by Miss S. Vincent of 
these Laboratories using the x-ray fluorescence tech- 
nique, and for a nominal doping of 0.5% Co, it was 


TABLE IV. ZnO:Co 0.17% (0.02 cm thick) at 78°K 


Extinction Half-width 
Absorp coefficient at 
tion 


peaks 


a=famax Oscillator 
(cm) strength 


QOmax 
(cm~!) 


51° 24 160 4140 


4336 


6009 
6097 .5 
6195.8 


So* 23 060 


16 640 
16 400 
16 140 


0.6X 107° 
) 


15 040» 
14 710 
14 400 


6649 | 
6798 a7 | 
f 


3 
6044 0.6X10 


7189 
7518.8 
7698 


3 910 
3 300 
990 


1 
1 
1 


6490 15 408 
6390» 15 650 
6265» 15 961 
6140 16 268 0.6X 10"? 
6000 16 666 


I 5665 17 65 


G 4940 20 243 


® In a sample 0.33 cm thick, and containing a nominal 5°) Co 

b Shoulder 

4 J. W. Nielsen and E. F. Dearborn, J. Phys.”Chem. 64, 1762 
(1960). 
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found that the crystals actually contained 0.17% Co 
(of total weight). The ratio of Co ions to Zn ions is 
Co/Zn~2.1X10-. In the hexagonal ZnO structure, 
the coordination number for Zn is four, but the site 
symmetry is not perfectly cubic, due to an axial 
distortion.! 


B. Observed Spectrum 


The optical absorption was studied in samples con- 
taining 0.17% Co and some weaker absorptions also 
with a sample containing 5% Co (nominal). Two main 
absorptions were found, one in the infrared region at 
~ 7000 cm™ and another at 16 000 cm. 

At 78°K considerable structure is present in the 
band at ~7000 cm™!: The absorption consists ap- 
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Fic. 6. Same as Fig. 5. Intense absorption band in the ~16 000 
cm region. (a) At 78°K. (b) At 4.2°K. 
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TABLE V. ZnO:Co. 0.17% (0.02 cm thick) at 4.2°K. 


Extinction Half-width 

coefficient at 

a> d0amax 
(cm) 


Absorp- 
tion r Dd 
peaks (A) (cm™) 


Oscillator 
strength 


Q@max 
(cm) 





12.6 
34 
47 


16 540 
16 390 
16 160 


15 900 
15 300 
15 000 
14 730 
14 400 


6045. 11 
6101.: 17. 
6188. 18.; 


6289. EZ; 
6535. 9 

6666. 
6788. 
0944. 


0.6X10~ 
1.7X10~° 
2:3X1F* 


T; 


17 
24 


| 
i 
{ 
| 
| 
| 
| 


13 950 
13 665 
13 510 
13 335 
13 000 
12 500 
12 200 


6500 
6380 
6270 


7168. 
7317. 
7401. 
7499 

7692. z. 
8000 5. | 
8196 } 


15 384 
15 674 5 | 
15 949 | 
a 10-2 


0.53 107% 


6150 16 260 
17 652 


20 202 


5665 
4950 


parently of three triplets 7;, 72, T3 of progressively 
increasing intensity (Fig. 5, Table IV). The band in 
the visible region of the spectrum is very intense and 
rather narrow, showing a complex structure in which 
two peaks are dominant. On the high-energy side of this 
band a characteristic narrow absorption (F) is present 
and at ~20000 cm~ a narrow absorption (G) which 
is very weak, appears (Fig. 6). Considerable sharpening 
in the fine structure components of the first intense 
band is found cooling the samples to 4.2°K (Fig. 5). 
At this temperature the only change that takes place 
for the band in the visible region, is the increase in the 
number of fine structure components. Pertinent data 
are listed in Tables IV and V. 

A more heavily doped sample (nominally 5% Co) 
was also studied at 78°K in the 4000 cm™ region. 
There a band was detected (Fig. 7). The sensitivity of 
the instrumentation is not high in this region. 


C. Interpretation of the Spectrum 


The assumption is made that Co is present as Co*+ 
in sites possessing tetrahedral symmetry.” The ground 
state for Co** is then ‘As (as in the corresponding 
system Cr*+ in octahedral coordination). No appreci- 
able stabilization of the ground state, due to spin- 
orbit coupling effects, is then expected in the present 
system. 


4 For Co%* in tetrahedral sites one expects a single intense 
intrasystem band in the 10000 cm™ region. Besides, from con- 
sideration of electroneutrality of the crystal, only a very limited 
amount of Co** could be present. 
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Fic. 7. Absorption in the 4000 cm™ region. (a) ZnO undoped 


0.5 mm thick) at 78°K. (b) ZnO:Co (5% nominal; 0.33 mm 
thick) at 78°K. 


A reasonable assignment of the observed intense 
bands to intrasystem transitions is the following: 
14.—,'F, 
‘Ar Fy 


energy 6750 cm™ (center of first band), 
energy 15 500 cm™ 


(first intense peak of visible band). (13) 


From this assignment it follows that 


Dq( ZnO:Co) =390 cm; B=700 cm", (14) 


where a marked decrease in the value of B is observed, 
when compared to the value B=845 cm™ for MgO: Co. 

The predicted'® and experimental ratios for Dg in 
tetrahedral and octahedral coordination of oxygens are 
in very good agreement 


Dq( ZnO:Co) /Dq(MgO:Co) | =0.42; 


| DG tet DQ oct | pred — iM =().44, f15) 


In order to estimate the effect of the spin-orbit coupling 
on the quartet terms, the form of the wave functions 
of the *F; terms was derived 


| oF )=0.6022 | de’dy*?)—0.7983 | de’dy? ), 


»' F ) =0.7983 | de’dy* )+0.6022 | dedy*) (16) 


checked to give the correct energy). 


The corresponding spin-orbit 


[Eq. (10) ] are 


splitting constants 


(17) 


These values are quite close to the corresponding values 
for MgO:Co. 

For a second-order treatment of the spin-orbit 
coupling effects, it is important to know the position 
of the various doublet levels of the d’ configuration. 
This requires, though, the knowledge of Racah’s 


SC. J. Ballhausen, Kgl. 


Danske Videnskab. Selskab., Mat.- 
fys. Medd. 29 (4), (1954). 
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parameter C. Assuming C/B=4.5 and solving nu- 
merically the corresponding secular equations,’ we 
can then derive the complete energy-level scheme for 
Co** in ZnO. This is given in Fig. 8. The form of the 
wavefunctions for the cubic-symmetry terms is given 
in Appendix II as a linear combination of states char- 
acterized by given subshell configuration and symmetry 
properties. 

Figure 8 shows the predicted energy-level scheme for 
the quartet terms of Co*+ in the body-centered cube 
approximation for dodecahedral symmetry using the 
relation 1!” 


Dqpvec= 2D Qtets (18) 


we assumed | Dg | =800 cm! and B=800 cm™. For a 
more complete energy level scheme see Appendix III. 


DODECAHEDRAL 


TETRAHEDRAL SYMMETRY SYMMETRY 


PREDICTED OBSERVED PREDICTED 














Vic. 8. Left: Predicted energy-level scheme for Co** in tetra- 
hedral coordination, using the following values for the crystal- 
field parameters: Dg=390 cm; B=700 cm™; C=4.5B. Center: 
Observed absorption. The observed energy separations used in 
the calculations are indicated by the arrows. Transitions to 
quartet terms have higher probability. Right: Schematic energy- 
level scheme for Co®* in the eightfold body-centered coordina- 
tion (this is the approximate coordination of dodecahedral sites 
in garnets). Dg=800 cm; B=800 cm™. Quartet terms only. 
For a more complete energy level scheme see Appendix III. 


17 R, Pappalardo, J. Mol. Spectroscopy 6, 554 (1961). 
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D. Fine Structure in the Absorption Bands 


The first-order treatment of spin-orbit effects on the 
af, term (which is fairly isolated, being located 2900 
cm! away from the nearest term ‘F:) should be suffi- 
cient to describe the main effects due to spin-orbit 
coupling. The results of such calculations are then 
shown in Fig. 9 (left) and compared with the observed 
energy separations of the leading lines of each group 
at ~ 6000 cm™. 

The over-all separation of the leading lines of the 
two extreme groups is in very good agreement with the 
predicted multiplet width. It is also interesting that the 
pattern of the intensity increases with the increase in 
the predicted degeneracy of the multiplet components. 
But the agreement ceases at this point: The internal 
splitting of the multiplet is reproduced in the observed 
absorption with the opposite sign. Besides, while the 
first absorption, connected to a I's level, according to 
the scheme in Fig. 9, can only produce a single line, in 
effect at least four lines are detected at 4.2°K (Fig. 5). 

The predicted first-order splitting of ‘Fi is also 
shown in Fig. 9. The agreement with the experiment is 
poor which is not surprising in view of the fact that at 
least three cubic-field terms are clustered in this region 
(Fig. 8). This requires a higher-order treatment of the 
spin-orbit effects and conversely will make more diffi- 
cult the assignment of the observed absorptions to 
transitions between the ground state and definite 
cubic-field terms. 


E. The Oscillator Strength 


The f number of the observed absorptions was calcu- 
lated assuming that all the Co ions are located in sites 
of tetrahedral symmetry and in the divalent state. If 
these assumptions are not fully verified, then the f 
values we report would represent a lower limit of the 
actual oscillator strength. Using the result of the x-ray 
spectrochemical analysis, which gives the amount of 
Co present as 0.17% of total weight, the oscillator 
strengths of the absorptions were calculated and are 
given in Tables IV and V. The values are found to be 
very high, ~10-? for the band in the visible region, 
and ~10-* for the band at ~ 7000 cm~. This is to be 
compared with the f values of 10~° and 10~* for the 
absorptions of MgO:Co in the corresponding regions. 
A simple calculation shows that in crystals of ZnO:Co 
one can detect of the order of one part in a million of 
Co*+ ions, simply by optical absorption measurements 
in the visible region, preferably at 78°K. We believe 
that the high f number, together with the position of 
the absorption bands and the different shape of the 
band in the 7000-8000 cm! region can be used as a 
powerful criterion to discriminate between Co** in 
tetrahedral and octahedral coordination. 

In conclusion, the predictions of the crystal-field 
theory for Co** in tetrahedral coordination have been 
satisfactorily checked [Eq. (15) ] even in a system, 
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Fic. 9. ZnO:Co. Left: First-order treatment of spin-orbit 
effects for ‘F terms assuming for the spin-orbit coupling con- 
stant ¢4=540 cm™ and for the spin-orbit splitting constants 
Ca= —2.834 and o=1.835. Right: Observed energy separations: 
for o!F the energy separation for the leading lines of the three V 
triplets is given; for ,‘/, the separation of the two intense peaks 
D and E is indicated. 


such as ZnO, which is commonly treated using the 
collective-band model, in order to describe its electronic 
properties. 

In ZnO:Co considerable structure and narrow ab- 
sorption lines were found, from which accurate in- 
formation concerning the crystal-field can be derived. 
An attempt has been made, with a fair measure of 
success, to describe the observed main structure in the 
band at ~ 7000 cm by means of the spin-orbit splitting 
of the 4F, cubic-field term. 

Very high values of the f number for the absorptions 
have also been reported for the absorption band in the 
visible region for the CoCl~- complex ion." 


IV. MgAl.0,:Co 
A blue-colored spinel of commercial origin, 3.15 mm 
thick, was studied at room temperature and 78°K. The 
absorptions of this sample are located in the near infra- 
red and in the visible. In the infrared there is a strong 
band, with peaks at 6455, 7290, and 8085 cm™ (Fig. 
10). The intense band in the visible region has a double 


18 C,. J. Ballhausen and C. K. Jorgensen, Acta. Chem. Scand. 9, 
397 (1955). 
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peak (16010 and 17 240 cm) and a shoulder at 
18 280 cm (Fig. 11). Weaker absorptions are located 
at 14.925, 20 965, and 25 160 cm~; they are probably 
due to the other impurities present in the sample. The 


results of a spectrochemical qualitative analysis were 


as follows: 


Ti, 0.01-0.3%; 
V, 0.01-0.3%; 
Co, 
Fe, 


0.005-0.03% ; 


0.005%. (14) 
to be associated 
Two kinds of sites are available for the 
Co*+ impurity ions, namely sites possessing tetrahedral 


The intense absorptions found are 
with Co?*. 
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(b) ZnO:Co 
(c) Ca,;SnCoGe,O;2 
IN KBr 
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Fic. 10. Comparison of the absorption spectra, at 78°K and 
in the 7000 cm™ region of several oxide systems doped with Co. 
All single crystals except the germanium garnet. (a) MgAlO,4:Co; 
3.15 mm thick. (b) ZnO:Co 0.17%; 0.2 mm. (c) CasSnCoGe;Or 
powder in KBr pellet (4% dilution). (d) Co-doped yttrium 
gallium garnet (YGG:Co). Sample 663. (e) MgO:Co 0.20%; 
3.7 mm. 


and sites possessing octahedral symmetry. By compari- 
son with the spectra both of MgO:Co and ZnO:Co one 
can infer that the intense absorptions found are to be 
correlated to Co** present in tetrahedral sites. 

The lower limit for the value of the f number has 
been calculated, on the assumption that all the Co is 
present in tetrahedral sites as Co** and that the con- 
centration is 0.03%. The value found (Table VI) for 
the f number is very high, of the order of 10~?. It agrees 
quite well with the corresponding oscillator strength of 
Co** in ZnO, but it differs by three orders of magnitude 
from that of MgO:Co (Table I). 


V. Co-DOPED YTTRIUM GALLIUM GARNETS 


A. Preparation of Samples 


Several single crystals of yttrium gallium garnets 
doped with Co were grown by Nielsen using the flux 
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Fic. 11. Absorption band in the visible region for Co-doped 
oxide systems. Temperature, 78°K. All single crystals except the 
germanium garnet. (a) ZnO:Co (0.17%); 0.2 mm. (b) MgAlO,: 
Co; 3.15 mm. (c) YGG:Co, Si. (d) CasSnCoGe;Oy powder in 
KBr, 1.08 mm. (e) MgO:Co (0.20%) 3.7 mm. 


technique.!® The crystals were obtained by slowly 


cooling the melt contained in a platinum crucible from 
1275° to 1000°C at the rate of cooling of 1°C/hr. The 
flux was a PbO-PbF, mixture. Crystals were grown 


TABLE VI. MgAlO,:Co (3.15 mm) at 78°K. 


Extinction Half-width 

coefficient at 

— ba max 
(cm~) 


Absorp- 
tion 
peaks 


Dp 
(cm™) 


Oscillator 
strength 


» @max 
(A) (cm™) 


15 340 
13 670 
12 450 


6700 





6518. 
Waid 
8032. 


14 925 


cL. 2A 


6200 
5960 


16 129 
16 778 


| 
»0.68 107? ® 
17 241 


5800 
5465 


G 4700 
3975 


18 298 


20 964 
7 2 | 


® Assuming 0.03% Co (see text). 


8 J. W. Nielsen, J. Appl. Phys. 31, 515S (1960); 5, 202 (1958). 
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TABLE VII. Spectrochemical quantitative YGG. 








Percent found (of total weight) 


\\Sample No. 


Element \, 645 662 663 664 665 





0.10 
0.16 
0.017 


Ti 
Co 
Al 


0.61 
0.21 
0.02 


0.49 
0.14 
0.023 


0.024 
0.014 


0.248 
0.028 


Spectrochemical qualitative YGG 


NOWNN NNN FWW 
SUIWN NN NW DS UW Ww 


WOWNNHN NRHN UW w 
SIOWNNMNNQWN UIW Ww 
NUWNHN DN AIWNH UW w 


Estimated ranges: 7>10%, 6>1, 5 0.1-3.0, 4 0.01-0.3, 3<0.03, 
2<0:005. 


® The presence of 0.24% Co gives an ionic dilution Co/Ga=0.9X10™. 


using the following dopings: Co; Co and Ti; Co and Si; 
Co and Sn. In cases of interest spectrochemical analyses 
were performed on the crystals obtained, in order to 
find the impurity content. The results of such analyses 
for samples No. 662, 663, 664, 665, and 645 are given 
in Table VII. 
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Fic. 12. Absorption from 4500 to 10000 cm7!. Temperature, 
78°K. (a) YGG:Co (No. 645) 0.63 mm; Co 0.24%. (b) YGG:Co, 
Ti (No. 665) 0.68 mm; Co 0.14%; Ti 0.49%. (c) YGG:Co (No. 
663) 1.64 mm; Co 0.024%. (d) YGG:Co, Ti (No. 664) 0.63 mm; 
Co 0.21%; Ti 0.61%. 
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B. Absorption Spectra 


We shall now briefly describe the appearance of the 
spectra of YGG:Co samples. Let us see in detail first a 
typical case, that of sample No. 663. Beginning from 
the low-energy region (2.64) two weak absorption 
lines are located at 4500 cm~ [temp. 78°K; Fig. 12(c); 
compare Fig. 7 for ZnO]. The doublet is followed by 
some very weak absorptions and then by a complex 
intense absorption, centered at 7880 cm™'. Then no 
absorptions are found, until one reaches the energy of 
13 500 cm where a weak flat absorption is found; 
then a more intense band at 14 200 cm™; a double- 
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Fic. 13. Absorption in the 16000 cm™ region. Temperature 
78°K. (a) YGG:Co (No. 645) ; 0.63 mm; Co 0.24%. (b) YGG:Co, 
Ti (No. 664); 0.63 mm; Co 0.21%; Ti 0.61%. (c) YGG:Co, Ti 
(No. 665); 0.68 mm; Co 0.14%; Ti 0.49%. (d) YGG:Co (No. 
663) ; 1.64 mm; Co 0.024%. Note sharp line (marked by arrow) 
at ~17 800 cm™; compare line F in Fig. 6. 


peaked intense absorption centered at 16 000 cm™ and 
showing on its high-energy tail a peculiar sharp absorp- 
tion at 17 800 cm™ [Fig. 13(d) ]. Finally, superposed 
on the edge absorption in the violet region of the 
spectrum, a very intense absorption band is found, with 
peak at 26 300 cm™ (Fig. 14). It is to be noted that in 
the sample we are discussing the intensity of the band 
at ~7800 cm™ and that of the band at ~ 16 000 cm™! 
are roughly equal (Figs. 12 and 13). No remarkable 
changes in the absorption spectrum are observed at 
4.2°K, except for a considerable sharpening of the line 
absorptions (Figs. 14-16). All details pertinent to the 
spectra of sample No. 663, and of the other samples, 
are given in Tables VIII to XIV. 
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Fic. 14. Intense band superposed on edge absorption in 
YGG:Co (No. 663). Sample thickness, 0.63 mm. Temperature 
4.2°K. (b) Extrapolated background. 


The spectrum of sample No. 645 (Fig. 17) resembles 
that of sample No. 663. Both the infrared and the 
visible band have comparable intensity, and the peak 
at 7800 cm™ is very pronounced (Fig. 12). The spec- 
trum at 4.2°K shows remarkably intense and sharp 
lines in the 4500 cm~! and 6000 cm region (Fig. 17, 
Table XI). 

The position of the main absorption bands in the 
other garnets doped with Co are similar to those of 
the two samples previously discussed, except for a 
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lic. 15. YGG:Co (No. 663). Detail of absorption in the infra- 
red region. Temperature, 4.2°K; sample thickness, 1.64 mm. 
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Fic. 16. YGG:Co (No. 663); 0.63 mm. Temperature 4.2°K. 
Detail of the absorption in the 16000 cm™ region. The absorp- 
tion peaks are comparable in intensity with the main peaks in 
Fig. 15. 


different structure in the absorption. For sample No. 
664, e.g., at 78°K, there are four weak peaks in the 
4500 cm™ region and a flat weak absorption at ~5300 
cm. The band at 7000 cm™ shows a pattern of four 
main peaks of similar intensity [Fig. 12(d) ]. The band 
in the visible region of the spectrum has twice as much 
intensity as the infrared band, and has a threefold 
structure [Fig. 13(b)]. The spectra of samples No. 


TaBe VIII. YGG:Co (sample 663) 0.024% Co. Thickness, 1.64 
mm; temperature 78°K. 





Extinction Half-width 
coefficient at 

a@=hamax Oscillator 
(cm~') strength 


Absorp- 
tion r D 


QAmax 
peaks (A) (cm~) 


(cm™) 


4474 0.42 20 
21 500 4651 0.18 


15 840 6313 91 80 
15 760 6345 

15 120 6616 .87 100 
14 800 





22 350 2x 10-* 
1.710% 


2X107% 


13 720 : | 
$2.9 107! 
12 800 
10 800 9259 
7400 13 514 


7040 14 205 
6640 15 060 


6480 15 432 
6360 15 723 


6050 529 
6000 667 


| 
(9.310 3 


5720 17 483 
5616" 17 806" 
5340 18 727 


G 4800 20 833> 
H 3800 26 316 


1.25X10°3 


® Sharp. 
b Very flat absorption. 
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TaBLe IX. YGG:Co (Sample 663) ,0.024% Co. Thickness, 1.64 mm. 
Temperature, 4.2°K. 





Extinction Half-width 
coefficient at 

a=amax Oscillator 
(cm) strength 


Absorp- 
tion r D 
peaks (A) (cm) 


Omax 
(cm) 


4484 46 


6363. 64 
6622.: ? 
6706. 85 


7092. .62 





Si 22 300 
U, 15 720 
U, 15 100 

14 800 


14 100 
13 700 7299. ; .03 

70.42 X 1073 
13 000 7692. .58 


10 800 9203.: 85 


7030 = 42 
6470 5 : | 
6320 5 82: : 
6060 bo.64%10 od 
6000 


| 
| 
5616" ; | 
5360 5 } 


H 3780 0.8X 10-3 








® Broad line. 


662 and 665 are very similar to the spectrum of No. 
664 (Figs. 12 and 13). 
Single crystals of YGG were also studied in which 
the impurity content was comparable to that of the 
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Fic. 17. Detail of the absorption in the infrared region of 
YGG:Co (No. 645); Co 0.24%, and no Ti; 0.63 mm thick. (a) 
Zero line (no sample) for curve (b), (b) At room temperature, 
(c) At 78°K, (d) At 4.2°K. Note very sharp lines at 4.2°K 
(Table XT). 
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samples discussed above and which contained as im- 
purities Co and Si; Co and Sn. The corresponding 
spectra at 78°K are shown in Figs. 18 and 19 and are 
contrasted with the corresponding spectra of YGG:Co 
No. 663. 


C. Discussion of the Spectra 


The main problem concerning the important garnet 
systems, from the point of view of chemical crystal- 


TaBLeE X. YGG:Co (0.24% Co in weight). Sample No. 645 
at 78°K. 





Extinction Half-width 

coefficient at 

a@=tamax Oscillator 
(cm) strength 


Absorp- 
tion nN 7 
(A) (cm7) 


Q&max 


peaks (cm™) 





4514. oy 20 
4646. 
4681 


Si 150 1.0X10* 
S: 520 


360 


S3 830 
880 
700 
500 


850 
770 


5608. : 
5592. 
5988 
6060. 


>120 


y] 


1.81076 


6309 
6341 


5 160 
870 
400 


6596..; 
6725 
6944 
730 5340 
800 
970 


7812 
9115 
850 9216. 
7640" 13 
7540" 313 


7030 14 


6480 15 
6360 15 

3.0X 10-4 
6055 
6010 639 
5740 
5360 


421 
656 230 2.6X 107° 
5040" 19 841 
4780 20 920 


r 
52.4 10-5 
[4260]> [23 474]> 








® Shoulder. 
b J9/I1=10 (the optical density has value one at this frequency). 


lography and magnetochemistry, is that of determining 
the ionicity and site preference of the impurity para- 
magnetic ions. Both these questions can be tackled in 
many cases by examining the optical absorption spectra. 

In particular for the case of YGG, it is of interest to 
determine from the absorption spectrum whether the 
Co impurity ions are present as Co** or Co**, and in 
which of the three sites available (tetrahedral, octa- 
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TaBLE XI. YGG:Co (0.24% Co in weight). Sample No. 645 
at 4.2°K 


Extinction Half-width 

coefficient at 

a=amax Oscillator 
(cm7) strength 


Absorp- 
tion 


nN 
peaks A) 


Qmax 
(cm!) 





Si 22 160 
Se 21 260 
S3 17 850 


4512. a 5 
4703. ‘ 
5602.2 4 100 


1.0 10~* 
3.4X 107° 


15 880 
15 800 
14 960 
14 830 
13 860 
12 860 
10 850 


6297. a 208 
6229. 

6684.5 : 50" 
6743. 

7215 

7776 

9216.6 


0.4X107% 
0.821075 4 


1.85 10~¢ 


7030 0.6 10-4 


6720> 
6600» 
6500 
6340 
5 | 
— 2.9 10-4 
5980 
5720 5. 
5614 . : ) 


5340 0.7X10~ 


4780 0.35X 1074 


® Considering the peaks over the absorption continuum. 
b Shoulder 


hedral, or dodecahedral”’), they are located. On com- 
paring the predicted energy levels of Co** in the three 
coordinations and the levels for Co** in oxides it can 
be concluded that the absorptions found in the garnets 
are due to tetrahedral Co?*, on the basis of optical 
data alone. 
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Fic. 18. Absorption bands of single crystals of Co-doped YGG 
at 78°K in the 7000 cm“ region. (a) YGG:Co (sample 663). 
(b) YGG:Co, Si (1.92 mm). (c) YGG:Co, Sn (sample 762, 
thickness, 1.96 mm). 


2» In the body-centered cube approximation. 
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It has been observed, however, by Geller et al.*! that 
in garnets where the dodecahedral sites are occupied 
by yttrium, a rare earth, or another large ion such as 
Ca*+ the Co** preferentially occupies octahedral sites. 
But the strong similarity in line position and relative 
intensity throughout the spectrum between ZnO:Co 
and YGG:Co can be considered very strong evidence 
in favor of the tetrahedral coordination. We believe 
that this discrepancy can be resolved in the following 
way. The tetrahedrally coordinated ion has much 
stronger absorption than that for the octahedral ion 


TaBLe XII. YGG:Co (sample 664) thickness 0.63 mm; Co, 
0.21%; Ti, 0.61%. Temperature, 78°K. 








Absorp- 
tion nN D 
peaks (A) (cm™') 


coefficient at 
a= famax Oscillator 
(cm) strength 


Amax 
(cm) 





600 4237. D3 
Si 370 4470. i 40 
140 4516. 0. 35 


510 4649 O.3s 
720 5342 0.2 


1.6 10~° 
0.67 X 10°* 


180 
800 
600 
170 


6180.5 3.6: 

6329 | 
6410 | 
6592 | 
1.310 
14 900 
14 400 
14 070 


6711 
6944 
7107 


13 880 7204. 


12 720 


6960 
6480 
6320 
6080 


7861. 


14 367. 
15 432 
15 832 
16 447 


0.5 10-8 


6000 16 667 


5700 17 544 
5620 17 794 


5360 18 657 
[4160" [24 038] 








® At this point Jo/J=10. 


because the former lacks a center of symmetry (cf., 
Tables I, II, IV, V). Further it can be seen from 
Table IV and Tables VIII-XIV that the oscillator 
strengths for YGG:Co are almost an order of magni- 
tude smaller than for ZnO:Co. If the observed ab- 
sorption in YGG is from tetrahedral Co?* as the energy- 
level diagram indicates, it is safe to assume that its 
true oscillator strengths are about the same as in 
ZnO, and therefore there must be only a small fraction 
of the total Co** present in this type of site. If the re- 
mainder were in octahedral sites it would not contribute 


21S, Geller, C. E. Miller, and R. G. Treuting, Acta. Cryst. 13, 
179 (1960). 
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materially to the spectrum, since the oscillator strengths 
for the octahedral ion are much more than one order 
of magnitude smaller. Thus in YGG:Co** the spectrum 
may be accounted for on the basis of a small fraction 
of the total Co*+ content being present in tetrahedral 
coordination. 

Geller et al." have raised an additional question about 
the color of the garnets containing Co**. They call 
attention to the case of CoWOy, which has an intense 
blue color and in which the Co** is in six-coordinated 
sites. From this they draw some support for the sup- 
position that the octahedral Co*+ may show the same 
blue color in the garnets instead of the usual red color 
associated with octahedral Co?*+. We believe, however, 
that the color of CoWQ, is anomalous for octahedral 
Co*+, and that the blue color of the garnets is that 
usual for tetrahedral Co*+. This is a point which should 
be further clarified by a thorough study of the spectrum 
of CoWO,. Until this is done we feel justified in dis- 
cussing the special features of the various garnet 
spectra on the assumption that the spectrum observed 
arises from Co** present in sites possessing predomi- 
nantly tetrahedral symmetry, even though this may be 
but a minor constituent of the lattice. 

One interesting point concerns the weak line ab- 
sorption found at 4500 cm™ in all of the various garnets 
investigated (as well as in the ZnO:Co system). The 
oscillator strength of this absorption is an order of 
magnitude less (compare also with ZnO:Co, Fig. 7) 
than that of the next absorption band which we 
identified in ZnO:Co as the transition 4A,—*F». Liehr 
and Ballhausen” have pointed out that the transition 
‘4,—4F, is symmetry forbidden while all the other 
transitions are symmetry allowed. The band is pre- 


WAVELENGTH , i 
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0.45 0.5 
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(a) YGG:Co,SI 
(b) YGG:Co,Sn 
D \(C) YGG: Co, (663) 
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Fic. 19. Absorption bands in the visible region of Co-doped 
single crystals of YGG. Temperature 78°K. (a) YGG:Co, Si 
(1.92 mm). (b) YGG:Co, Sn; (No. 762; 1.96 mm). (c) YGG:Co 
(No. 663). Note sharp peak F (marked with arrow) at ~17 800 
cm“, also in Fig. 6. 


2 C,. J. Ballhausen and A. D. Liehr, J. Mol. Spectroscopy 2, 
342 (1958); errata, ibid. 4, 190 (1960). 
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TABLE XIII. YGG:Co (sample 662) 0.169% Co; 0.10% Ti. 
Thickness, 0.63 mm at 78°K. 








Extinction Half-width 

coefficient at 

a=amax Oscillator 
(cm™) strength 


Absorp- 
tion v 
peaks (cm™) 


Omax 
(cm™~) 





4273.5 47 

4510. : 20 
4062 

5319 


1.110% 
100 6211.2 


5 860 
790 


6305 
6333 


140 
800 


6605 
6756 


\2.4x 10-4 


090 
760 


7097 
7207. 
800 7812.5 


70408 
6960" 


205 
368" 


6470 


15 456 
6315 1 


835 


6050 
5987 


529 
702 


0.6X 1078 


5670 
5603 


7 636 

847 
5380 587 
3320 30 120 


® Shoulder. 


dicted by these authors to have an oscillator strength 
about y'y that of the symmetry allowed bands in agree- 
ment with what we find here. 

Another point to consider concerns the differences 
found in the fine structure of the absorptions, depending 
on the impurity content of the various crystals. Com- 
pare, for instance, the various spectra of YGG:Co. In 
particular, some of the crystals contain a large amount 
of Ti as shown in Table VII. If Ti is present as Ti** or 
Tr*, there should be absorption bands associated with 
such ions. However, a comparison of the theoretical 
expectations for such ions in fourfold, sixfold, and 
eightfold coordination with the observed spectra shows 
that these ions are not present in the samples studied. 
The experimental situation is as follows. First one can 
say, from comparison of the spectrum of sample No. 
645, which contains 0.24% Co and no appreciable 
amount of Ti (Table VIL) with the spectrum of sample 
No. 664 (which has 0.21% Co and 0.49% Ti) that 
there are no additional absorptions one can associate 
with Ti. This means that Ti is in the form Ti**, with 
closed-shell configuration, and as such can only absorb 
via high-energy transitions of a different kind than those 
we are now discussing. 
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TABLE XIV. YGG:Co (sample 665) Co, 0.14%; Ti, 0.49%. 
Temperature, 78°K. 


Extinction Half-width 

coethicient at 

@=$amax Oscillator 
(cm™) strength 


Absorp- 
t tion / 4 Qmax 
peaks (cm~) 





350 
500 


2K 


100 
5 800 


5 100 


900 1.0104 


OOO 
3 800 


2 3800 


7040 
7000 


6500 


6320 

; 0.45 X 1073 
6080 
6000 667 


5700 7 544 
* 56020 17 794 


5320 8 652 


[4080 ]* [24 510]* 


There is, however, a rather large difference between 
the spectrum of YGG:Co** No. 645 and essentially all 
the other samples, especially in the region near 8000 
cm. This can be explained at least qualitatively in 
the following way. The Co** in YGG is substituting for 
a trivalent Ga** ion, and to preserve electrical neu- 
trality something must compensate for the charge 
deficit. For the crystal No. 645 no other ion is present 
in sufficient concentration to compensate for the Co**, 
and presumably oxygen vacancies must play this role. 
In all the other crystals except No. 663 there have been 
intentionally introduced enough tetravalent ions (Si**, 
Ti‘+, Sn**) to compensate the charge. For crystal No. 
663 no intentional doping is present, but since the Co** 
is very dilute (0.024%) there is enough residual Si** 
impurity (<0.03%) to perform this function. We may 
thus conclude that YGG:Co?* No. 645 has a charge 
compensation mechanism different from the rest and 
this may account for the unique features of its spectrum. 
We have not pursued the question of charge compensa- 
tion further, but it is clearly evident first that charge 
compensation may have a profound effect on the energy 
levels of an ion in a crystal, and second that optical 
spectra can be used to investigate the mechanism of 
charge compensation. A similar situation was found in 
the case of Cu?+ in YGG." 
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VI. GERMANIUM GARNETS 


New synthetic garnets have been prepared and 
studied in powder form by Geller and Miller.*!? The 
absorption spectra of some of these powder samples of 
CasMCoGe;0y (where M=Ti, Sn, and Zr) have been 
taken and they are all similar; we shall simply mention 
in detail the spectrum of CasSnCoGe;O... Amounts of 
the order of 15 mg of the garnet were mixed with about 
400 mg of KBr and pellets made; the absorption spectra 
are shown in Fig. 10(c) and Fig. 11(d) and data 
collected in Table XV. 

The absorption consists of two bands, one in the 
6300 cm™ region and one in the 16000 cm™ region, 
both of them showing considerable structure at 78°K. 
The spectra of these germanium garnets are similar to 
those of the gallium garnets mentioned above, and are 
very similar to the absorption spectrum of ZnO:Co. It 
is possible to conclude here also that the spectrum ob- 
served is due to Co* in tetrahedral coordination, 
though this may arise from a small fraction of the total 
number of Co impurity ions because the absorption 
intensity in this particular spectrum is so large. 


VII. CONCLUSION 


We shall now summarize the implications of the 
present study with the following concluding remarks: 

(a) There is clearly evidence of vibrational structure 
in the absorption bands both of MgO:Co and ZnO:Co. 

(b) Spin-orbit effects (in first or higher order) are 
not sufficient to account for all of the fine structure 
lines observed. Also the spin-orbit treatment is more 
successful in accounting for the main structure of the 
observed absorptions, when applied to the absorptions 
in the 7000 cm™ region, where the cubic-field terms are 
fairly isolated from one another. But in order to ex- 
plain smaller splittings, such as the splitting in the 
triplet absorption Ap in MgO:Co, other effects are to 
be taken into account. 

(c) A comparison of the absorption bands of 
MgO:Co and ZnO:Co shows that the ZnO:Co spec- 
trum is markedly shifted towards lower energies and 


Taste XV. Ca;SnCoGe;On in KBr pellet (4.2% in weight), 
fe 


Cc 
thickness, 1.08 mm, temperature, 78°K. 
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Wave _ coefficient at 
number 
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17 200 
16 100 
14 700 
13 800 


6500 
5800 
5700 
5300 








23S. Geller, J. Appl. Phys. 31, 30S (1960). 
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that the shape of the bands in the infrared region is 
markedly different for the two systems. On the con- 
trary, the shape of the bands in the visible region of 
the spectrum does not show the drastic difference 
found! for Ni?*+ in MgO and ZnO. The oscillator strength 
in tetrahedral coordination (ZnO:Co) is greater by a 
factor ~ 10° than for MgO: Co. This is another spectral 
characteristic which can help in the assignment of the 
site symmetry in case of uncertainty. 

(d) The predictions of the crystal-field theory for 
Co*+ in tetrahedral coordination are satisfactorily 
verified experimentally for the quartet terms; in the 
case of doublet terms the experimental situation is less 
amenable to a comparison with 
predictions. 


the theoretical 

(e) As for the assignment of site symmetry of im- 
purities in garnets and spinels, using optical absorption 
data, the reported spectra show that the method is 
quite feasible. The close similarity of the absorption 
spectra of Co-doped spinels and garnets, with the 
spectra of ZnO:Co suggests that Co** is present in 
such systems in sites possessing (predominant) tetra- 
hedral coordination. This does not agree with previous 
assignments” for Co-containing garnets, according to 
which Co** in these particular garnets is preferentially 
located in octahedral sites unless it is assumed that the 
strong absorption of a minority of Co** ions in tetra- 
hedral coordination swamp out the weaker spectrum 
of the majority of ions in other coordinations. The 
previous assignments” are based on consideration of 
electronic configuration, ionic radii, and relative size 
of tetrahedral and dodecahedral sites in garnets con- 
taining Co. 

We have not studied experimentally oxide systems 
in which only dodecahedral sites are available for the 
metallic ions, so that we cannot really sharpen our 
assignments further; at this stage of our work we simply 
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wish to point out the close similarity of the absorption 
spectra of ZnO:Co and that of Co-doped spinels and 
garnets, which suggest a coordination number four 
for Co**. 

The closest approximation to an ideal oxide system 
in which only eight-coordinated sites are available for 
the metallic ion, is that of LiO and KO, which crystal- 
lize in the fluorite structure. These systems are subject 
to the following limitations: (1) One can expect some 
deformation of the cubic symmetry at the site of the 
metallic ion, due to the substitution of divalent ions to 
monovalent cations, (2) their hygroscopic nature makes 
their handling inconvenient. Yet we believe it will be 
worthwhile to attempt to work with these systems, 
both to obtain an experimental check on the predic- 
tions of the crystal-field theory for eightfold coordina- 
tion and as a complement to the present optical ab- 
sorption study. 
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APPENDIX I 


Wave functions for doublet terms of MgO: Co?*. Values of crystal-field parameters: 


Dq | =927 cm; B 


= 845 cm“: 


C=4.5B. 


The wave functions are expressed as linear combinations of states with given subshell configuration and sym- 
metry properties’: 
e.g., 


7 


Energy 


Term (108 cm™) dé (? Fy) dy'; 


0.0953 
—0.1362 
-0.5503 
—0.1619 
0.8020 


?F.)= >a; de"(S 


de! (3F,) dy; 
—().2307 
—0.4295 


—(0.1601 
—0.2132 


il'1) dy’ a SeoD2), Fo). (A1) 


dé ('F)dy3; 


—0.0859 
—0.2153 


dédy?('A;); 


dédy? (1k) 


-0.3944 
0.4938 


8801 
0.8313 
—0.5894 0.3157 
0.7192 0.5407 


—0.2855 0.4565 
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Energy 


(108 cm) 


14.69 


26.12 
$2.17 


40.16 


Energy 

8.39 
28.05 
33.91 


58.50 


dé (?F\)dy'; 


dé‘ (8) dy; 


de (1F) dy; 


ded? (32); 


dédy? (1 E) 





(108 cm“) 


—0.0797 
0.0683 
—0.1264 
0.6400 


0.7505 


0.9307 
0.3386 


0.00267 
—0.3191 

0.3596 

0.7095 
—0.5151 


dA('Ay)dys 


0.1364 
0.1697 
0.9135 
—0.1705 


0.2983 


0.8644 
0.4344 
—0.1379 
0.1748 
—0.1200 


—0.4772 
0.8221 
0.0343 
0.1650 

—0.2604 





dé (AE) dy* 


dédy 





0.1917 
0.3326 
—0.3322 
0.8615 


—0.0100 
0.9412 
0.1393 

—0.3074 


0.9720 
—0.0522 
—0.0627 
—0.2203 








APPENDIX II 
Wave functions for the doublet terms of ZnO:Co*+. Values of the crystal-field parameters 
Dq=390 cm7; B=700 cm“; C=4.5B. 
The wave functions are expressed as linear combinations of states with given subshell configuration and sym- 


metry properties’: 


©-B+ | 2F2)= doa; | de"(SiT1)dy"-"( S202), *F2). 
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Energy 
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0.6478 
—0.0449 
—0.4267 


dé (?F,) dy‘; 
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—0.3939 
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0.3613 
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de (1F) dy’; 


dédy* (3A 2) ; 


dédy? (1 E) 





14.34 
18.88 
21.43 
22.63 
31.85 


Term (108 cm 


0.9118 
0.3027 
0.1563 
0.1038 
—0.2042 


0.1004 
0.4210 
0.7279 
0.0308 
0.5308 


—0.3456 

0.8294 
—0.2304 
—0.2705 
—0.2613 


—0.1396 
0.2039 
—0.4205 
0.7778 
0.3961 


0.1470 
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—0.4644 
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eE 13.84 
vE 
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0.2447 
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APPENDIX III 


Wave functions for Co*+ doublet terms in body-centered cube coordination, with the following choice of crystal- 
field parameters: 
| Dg |=$XDq(MgO:Co) =825 cm; B=845 cm”); C=4.5B. 


The wavefunctions are expressed as linear combinations of states with given subshell configuration and sym- 
metry properties’ : 


e.g., | 7 Fo ) = doa; | de"( Sy T')dy"™ ( SI), °F, ) ( A3) 
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Energy 
Term (108 cm™) dé (?F2) dy‘; dé (3F,) dy3; dé (1F 2) dy3; dédy?(1A1); 


dédy* (1 FE) 





als 22.90 0.7520 a 0.2812 —0.2267 0.1595 
el, 25.47 —0.3618 7585 —0.4571 0.1661 0.2391 
Fd 34.6: 0.0723 , —0.3846 —0.4755 0.7198 
aPy 40. —0.4014 .0631 0.7370 0.1027 0.5301 
Fy; 62. 0.3702 —0.1995 —0.1437 0.8272 


0.3436 


Energy 
Term (108 cm™) dé (?F;)dy'; de‘ (8F,) dy; dé (1 Fy) dy'; dédy? (1 E) 


ak; : 0.9594 0.1073 —0.2298 065 0.1039 
Fy : 0.1791 0.4068 0.8842 0.1402 —0.0299 
oF, 30. —0.1382 0.7923 —0.3001 —0.3156 —(0.4042 
Fad 34. 0.0726 0.0087 —0.1680 0.8282 —0.5294 
oF, : —0.1514 0.4417 —0.2168 0.4365 0.7378 


Term dé (?E) dy‘; dé‘ (1A) dy3; dé ('E) dy; dédy 


.0783 

—0.0523 —0.3908 0.9170 .0587 
40.01 0.1919 —0.4459 —0.2330 8425 
61.49 —0.1563 0.7815 .5295 


0.9674 0.1936 0.1427 


the same choice of Dg, B, and C parameters is given by 
(ground levels) 

8250 cm—! 24,=23 030 cm 

13 630 cm 


24.=39 930 cm 
23 780 em7 
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Normal Vibrations and Urey-Bradley Force Constants of Methyl Amine 
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Using least-squares fitting to the experimental frequencies, the Urey-Bradley force constants and their 
uncertainties have been calculated for methyl amine and deuterated derivatives. From the calculation, 
new assignments of the NH» twisting vibrations are proposed: CH;NH2, 977 cm™!; CH;NDs», 744 cm™ 
CD;NHe, 1078 cm; and CD;ND», 701 cm™!. Potential-energy distributions of these four molecules are 


reported. 


 ipeeadatnat methyl amine is the simplest amino 
compound, a satisfactory normal-coordinate treat- 
ment has not previously been carried out in order to 
provide an estimate of the forces governing its vibra- 
tions. Many authors have been interested in the vibra- 
tional problem of methyl amine. The Raman spectrum 
has been studied by Kirby-Smith and Bonner,' the 
infrared spectrum by Cleaves and Plyler,’ Bailey, Car- 
son, and Daly, Owens and Barker,’ Bellanato, Sardina, 
and Barcelo Matutano.' More recently Gray and Lord® 
carried out a vibrational analysis of methyl amine and 
three deuterated derivatives. In this study they dis- 
cussed the assignments of the previous authors and 
proposed a new one which seems quite reasonable. 
Nevertheless, some doubt still remains about the fre- 
quency of the NH, twisting vibration. 

Approximate force constants of methyl amine have 
been calculated by Barcelo and Bellanato’ and by 
Stewart® as a four-body problem assuming a point 
mass for the CH; group. More recently Yamaguchi’ 
carried out a normal-coordinate calculation using a 
Urey-Bradley force field, transferring the force con- 
stants for the CH; group from ethane” and those for 
the NH» group from hydrazine." However, the fit 
between observed and calculated frequencies is some- 
what unsatisfactory. Consequently, we thought it 
worth while to undertake a new normal-coordinate 
calculation, again using the Urey-Bradley force field, 
with a least-squares adjustment of the force constants 
to fit the observed vibrational frequencies of all avail- 
able isotopic molecules. Some information about the 
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NH, twisting mode can be obtained also as a result of 
this calculation. 


POTENTIAL FUNCTION 


We used the Urey-Bradley force field which, at the 
present time, seems to be the most useful representa- 
tion of the forces between atoms and which provides 
force constants transferable to other more complex 
molecules. According to general use, we designated 
bond-stretching force constants by A, angle-bending 
by H, and repulsions between nonbonded atoms by F. 
In terms of these constants and the coordinates indi- 
cated in Fig. 1, the Urey-Bradley potential function of 





Fic. 1. Coordinates. 
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VIBRATIONS OF METHYL AMINE 


TABLE I. Observed, calculated frequencies in cm™ and deviations of methyl amine and deuterated derivatives. 








CD3;NH2 CD;ND2 


( or 
Vobs Veale C 'o Veale obs Veale 0 Vobs Veale 


3361 3371 2451 3. 3370 ; 2477 2452 
2961 2980 64 2961 2980 ; 20. 2211 os 2202 2210 
2820 2835 Bs 2817 335 ; 2040 -1.78 2073 2039 
1623 1621 —0.12 23¢ yx ).¢ 1620 —Q.2: 1227 1242 
1473 1486 .88 468 3 yx 1065 1060 —U, 10658 1058 
1430 1442 8 . ; 1142 1139 ; ye. 1113 
1130 1147 : 4 ’ 913 913 8 890 
1044 1044 7 —2. 973 
780 797 

3437 

2980 

1486 : 85> 8: 1050 

1078 . 

1195» 7 —1.42 1187 —3.29 910» 834 —8.35 910 938 


® The numbering of the fundamental frequencies is according to Gray and Lord. 
> Bands not directly observed. 


methyl amine is expressed as Tetrahedral angles were assumed; equilibrium bond 
4 distances were taken as R=1.474 A, r=1.014 A, and 

2V =Kon(AR)?+2Ken’ (RAR) + > )Ken(Al,)? =1.093 A ; 
: , ; In the potential field described above, the interaction 
+2) Ken’ (I Al +> oKwn(dr )242>-Kun'(r Ar;) ° between an amino hydrogen and a methyl hydrogen 

« \ t s \ « Ps J . . - . . 
: ; atom is ignored. If we assume that the torsional prin- 
Se eee ‘ : P i cipal force constant is equal to zero, no force is then 
+H,r?(Ay)?+2H,'rA Hr? (A¢;)? ; - : 

}Hp*(Ay)*+ 2H, y+ DH" (Ad; opposing the torsional mode of the NH» group around 


2 3 3 
+2>0H,4'r (Ad; ) + DCAs? (48 ;)?-+2 20 Hs'? (AB,) Taste II. Urey-Bradley force constants and uncertainties in md/A 
Py P for methyl amine. 

+ Hel? Aas)?-+2 Ha! P? (Aas) + Fi2(Agua)? eG ee 

3 3 Eoepee nen! = 

+2F is! (quAgqu) + > Fse(Aqix)?+2 > F'se’ (qin Aq ix) Kxz 

Keu 0.048 

Ken ee 0.223 

J er Hun 0.610 0.034 
+ >> Fou (Agcn;)?+2). Fen’ (qceusAgens), en 

Hunc 0.522 0.077 


3 3 
+ > Fru (Agnu,;)?+2 >. F wu’ (qnnAgnn,) 


where each of the g’s may be expressed in terms of the 
internal coordinates in the usual way.” The r’s, /’s, and oe 
R are equilibrium bond lengths which are linearly inde- Hucu — Came 
pendent; however, the six angles a, a2, a3, 6, 2, and Fun —0.021 0.057 
B83; around the carbon atom are not independent. pm _0.076 
Introduction of the redundancy relation among them” 
gives rise as usual to an additional force constant x, 
the “intramolecular tension.” Fou 0.042 0.110 

The linear constants K’ and H’ disappear when the k —0.116 


Hycu 0.427 0.086 


0.026 
yu 0.683 0.074 


q coordinates are eliminated; we adopted the customary ~——————————N——C 
convention of setting F’ equal to —0.1F. 





T. Nishikawa, T. Itoh, and K. Shimoda, J. Chem, Phys, 
23, 1735 (1955). 
2 T. Shimanouchi, J. Chem. Phys. 17, 245 (1949). 4D. R. Lide, Jr., J. Chem. Phys. 27, 343 (1957). 
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the C—N bond and we are allowed to leave it out of 
the calculation. Furthermore, in methyl amine this 
mode is probably slightly coupled with the other 
vibrations because of its low frequency; Hadni’ as- 
signed a band at 269 cm“ to this vibration. 


SYMMETRY COORDINATES AND SECULAR EQUATION 


Methyl amine belongs to the point group C, and of 
its 15 vibrations, 9 belong to the A’ and 6 to the A” 
species; both are infrared and Raman active. With the 
neglect of the torsional mode, we are left with 14 
symmetry coordinates which can be set up in terms of 
the internal coordinates as follows: 


A’ species: 
S, =(2)7(An+Ar), 
Se =AR, 
S3 =(3)7(Ah+4h+A4h), 
Sy =(6)4(Ah+dh—2Al), 
Ss =Ay, 
Se =(2)74(Adi+Ade), 
S7 = (6)—(AB, +AB8.— 2483) , 
Ss = (6) (Aai+Aa2—2Aas), 
Sy =(6)—*(A8:+ 482+ A8;— Aai— Aay— Aas). 
A" species: 
Sio= (2) (An— Are), 
= (2)-(Al,— Al), 
(2)4(Adi— Ade), 
13= (2)4(AB,— Ape), 
Sig= (2) (Aay— Aae) . 


The standard Wilson FG-matrix method was used 
for the calculations of the normal coordinates. The 
elements of the symmetrized G matrix and of the 
transformation matrix Z, relating the Urey-Bradley 
constants to the symmetrized F matrix (F=ZF pp), 
are on file in the Molecular Spectroscopy Laboratory 
in the University of Minnesota. 

The numerical calculations were carried out with the 
aid of an electronic digital computer Univac 1103 at 
the University of Minnesota. In order to perform this 
calculation for the four isotopes of methyl amine, a 
program for the least-squares refinement of the Urey- 
Bradley force constants was written in which the 
NOCO and MAC routines coded by Dr. E. Curtis were 
used. A trial set of force constants taken from Mizu- 


6 A, Hadni, J. phys. radium 15, 375 (1954). 
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shima and Shimanouchi" was used to solve the secular 
equation at the beginning. 

The least-squares refinement of the force constants 
to fit all the frequencies of four isotopic species was 
carried out by means of the following relation: 


Z'J'PJZAF yp=Z' J' PAA, 


where Z is the transformation matrix, J is a Jacobian 
matrix with elements Jmn=0Amn/OF,, P is a weighting 
matrix, proportional to 1/A, AF vp is the correction to 
be applied to the Urey-Bradley force constants, and 
AA= Aobs— Acate- Since we used all four isotopic species 
of methyl amine giving a total of 56 frequencies, the 
least-squares refinement of 12 Urey-Bradley force 
constants was feasible. 

Furthermore, in order to have a complete analysis 
of the normal coordinates of these molecules, we cal- 
culated the potential-energy distributions and the 
moment matrix. The potential-energy distributions 
were calculated using the relation”: A~'JZ*, where 
A“ is a diagonal matrix of the 1/) iceate), &* is a diagonal 
matrix of the Urey-Bradley force constants, and J and 
Z have the usual meaning. 

The uncertainties in the force constants were ob- 
tained from the square root of the diagonal elements 
of the moment matrix defined in the case of the Urey- 
Bradley force field as’: 0?(Z'J’PJZ)—, where o?= 
AA’ PAA/d, and d is the statistical degree of freedom, 
ie., the difference between the number of observed 
frequencies and the number of force constants. The 
dispersions of the Urey-Bradley force constants are 
given in the tables. 


RESULTS AND DISCUSSION 


In our first calculation we refined the force constants 
to fit the Gray-Lord assignments. The calculated fre- 
quencies corresponded reasonably to those observed, 
but the force constants thus obtained were extremely 
unreasonable. 

The NH, twisting frequency 3; of A’ species has 
been assigned to different bands by various authors. 
Very recently, Stewart assigned the band at 695 cm™! 
to this mode for the undeuterated methyl amine, 
whereas 1455 cm™ was given by Gray and Lord. 

In view of this disagreement, we tried a new refine- 
ment in order to fit the Gray-Lord assignments with 
the Stewart correction, but the calculated frequencies 
deviated considerably from the observed ones. There- 
fore, in order to overcome this difficulty in the refining 
process, we gave zero weight to the NH» twisting fre- 
quencies for all isotopes and inspected the calculated 
frequencies. 

Since we have only 12 force constants plus the 
product rule relations to fit 52 experimental frequencies, 


16S. Mizushima and T. Shimanouchi, Jn/frared Absorption and 
Raman Spectroscopy (Kyoritsu Publishing Company, Tokyo, 
1958). 

17 J. Overend and J. R. Scherer, J. Chem. Phys. 32, 1289 (1960). 

18 E. Curtis, dissertation, University of Minnesota, 1959. 





VIBRATIONS OF METHYL AMINE 


TABLE III. Potential-energy distributions of some isotopic species of methyl amine (entries rounded to nearest ©¢).* 





Kyu Keu Keon H, Ha Fawn Fuou  ‘fyu Fou 








99 
99 
99 
99 


NRNNhN 
doh ht bh 


| 


4 
4 
2 
4 


dodo WwW 


14 
14 

3 
15 


12 
3 


wn Oo 


18 
12 


— 
—w 
oS 


31 26 
40 31 
36 23 
30 27 


bo ho & bh 
monn 








® For each normal mode, the distributions of the potential energy are listed in the following order: CHsNH2, CHsND2, CDsNH2, CDsND». 
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we think that a good fit together with a reasonable set 
of force constants can be considered a good check of 
the assignments used and can confirm the consistency 
of the Urey-Bradley force field. For these reasons we 
suggest, with confidence, a modified assignment based 
only upon the normal-coordinate calculations. The 
calculated frequencies and the new assignments are 
reported in Table I with force constants and potential- 
energy distributions in Table II and III, respectively. 
As it can be seen from Table I, the agreement between 
calculated and experimental frequencies is rather 
satisfactory; the worst mean deviation being only 
1.50%. 

The NH: twisting frequencies were found to be 
977 cm for CH3;NHe, 744 cm™ for CH3;ND2, 1078 
cm for CDsNH», and 701 cm~ for CD3;ND». From 
simple arguments, one would expect the value for 
CD;NH, to be near or lower than that of CH;NHb. 
However, the obtained rise in frequency can be under- 
stood from consideration of perturbation effects due 
to a mixing of different normal modes occurring in a 
narrow range of frequencies, clearly revealed in the 
potential-energy distribution (Table III). 

Although the calculated NH» twisting frequency at 
977 cm™ is 478 cm™ lower than that given by Gray 
and Lord, it is not too unreasonable. Earlier Cleaves 
and Plyler proposed for this either a band at 620 cm™ 
or at 1127 cm™ 

Examining the vibrational assignments of other 
simple amino compounds in the literature, we found 
that Kohlrausch® observed a strong band at about 
1100 cm™ in the Raman spectrum of hydrazine and a 
weaker one in the same region in the spectra of 13 
primary amines. On the basis of these observations he 
suggested that this band may be assigned to a deforma- 
tion of the NH» group. Later Fresenius and Karweil,” 
as well as Goubeau,” assigned two bands occurring 
between 965 and 1108 cm to the NH» rocking modes 
of hydrazine. More recently, Giguére and Liu” pro- 
posed new values of 1098 and 1275 cm~. Furthermore, 
Evans” in the study of the spectra of anilines assigned 
one of the two bands occurring at 1050 and 1118 cm“ 
to the NHp twisting mode; and this suggestion agrees 
with that proposed at the same time by Tsuboi* from 
a careful study of the spectra of aniline and aniline-N®. 


19K. W. F. Kohlrausch, Monatsh. Chem. 68, 349 (1936). 

20 W. Fresenius and J. Karweil, Z. physik. Chem. 44B, 1 (1939). 
*1 J. Goubeau, Z. physik. Chem. 45B, 237 (1940). 

2 P, A. Giguére and I. D. Liu, J. Chem. Phys. 20, 136 (1952). 
*3 J. C. Evans, Spectrochim. Acta 16, 428 (1960). 

*4 M. Tsuboi, Spectrochim. Acta 16, 505 (1960). 
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Unfortunately in the spectra reported by Gray and 
Lord it is impossible to find any reasonable bands that 
can be assigned to these vibrations. Nevertheless, it is 
well known that these bands are usually very weak, 
and often they can be detected only when a sample is 
studied with a long absorption path. To our knowledge 
no spectra of high-pressure samples are reported in the 
literature for this region. 

The assignments proposed in the present work for 
methyl amine and deuterated derivatives are confirmed 
by the distributions of the potential energy that 
clearly show how the various potential-energy con- 
stants are involved in the different normal modes. 
From the good fit of the calculated to the experimental 
frequencies together with the small uncertainties of 
the calculated Urey-Bradley force constants, we can 
deduce that the force field used is reasonably good. 

Moreover, the calculated force constants Kcu, Knu, 
Hucu, and Hycu are in very good agreement with 
those published in the literature. The other interaction 
force constants between nonbonded atoms need some 
words of comment. Surprisingly, the interaction be- 
tween nonbonded hydrogen atoms in the CH; group, 
though very small, is negative. Overend and Scherer® 
reported an attractive force constant for CH;F, and 
the interaction between gem-hydrogens obtained by 
Curtis’* in a careful study of ethylenes is negative too. 
However, the full physical meaning of this number 
cannot be understood until a larger collection of Urey- 
Bradley force constants is available. 

No meaning can be attributed either to the Fou or 
the Fuqpyn, since the uncertainties are higher than the 
force constants themselves, so that we could either use 
different values or choose zero without affecting the 
calculation. Finally, the high value of Fy can be 
easily explained in terms of a strong interaction be- 
tween the hydrogen and the nitrogen atoms arising 
from the unshared pair of electrons on the latter. 
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A method is presented for the construction of reliable inter- 
nuclear potential curves using a previously proposed function 
and observed values of equilibrium bond lengths and vibrational 
frequencies. The function has the form 

V =D.{1—exp[— (nAr?/2r) }} {1+<af(r) }. 

An explicit form is presented for the observed periodicity of 
the parameter a when referring to the ground states of diatomic 
molecules. This periodicity is shown to lead to relationships 
from which D,, ae, and xa, can be calculated solely from w, and 
r-. An empirical relationship between the values of the parameter 
a in the ground and the excited states is presented from which 


HE construction of potential curves is of con- 

siderable value for the understanding of kinetics 
mechanisms, spectral phenomena, stellar structure, and 
many associated problems. In principle, such curves 
may be calculated ab initio from the Schr6dinger 
equation. However, in practice, reliable curves cannot 
be obtained at present for anything more complicated 
than three-particle systems. They may be constructed 
for bound states of diatomic molecules from a knowledge 
of the experimental energy levels of the system by the 
method of Rydberg, Klein, and Rees as modified by 
Vanderslice and others! (hereafter referred to as the 
R.K.R.V. method). This method is a semiclassical one 
and consequently may give rise to errors for small 
changes in the bond lengths from the equilibrium 
values, that is, for small Ar. This has been checked* by 
comparison of the R.K.R.V. curve of Hp» in the region 
of r. with a calculated curve based on the Dunham 
method which is known to be reliable in this range. 
The results agreed to considerably better than 0.1%. 
This indicates that the curves obtained in the former 
manner may be taken as correct. 

Unfortunately the curves obtainable by this method 
may be deduced only over the energy range for which 
energy levels are given by the spectroscopic data. 
Complete potential curves (that is, for all values of the 
interaction energy less than D,) are consequently 
known only for the ground states of Hy and I. In the 
vast majority of cases the experimental curves are 
known only for small internuclear displacements. A 
further disadvantage of the R.K.R.V. method is that 
spectroscopic constants, such as anharmonicity x,w., 
the vibrational-rotational coupling constant a, and 
higher terms cannot be deduced from limited experi- 


1 J. T. Vanderslice, E. A. Mason, and E. R. 
Phys. 30, 129 (1959). 

2J. T. Vanderslice, E. A. Mason, W. G. Maisch, and E. R. 
Lippincott, J. Chem. Phys. 33, 614 (1960). 

3J. T. Vanderslice, E. A. Mason, W. G. Maisch, and E. R. 
Lippincott, J. Mol. Spectroscopy 3, 17 (1959). 


Lippincott, J. Chem. 


D,, a, and xm, can be deduced for any nonionic excited state 
from w, and r, of that state. This latter relationship demonstrates 
that wr? is not constant for all states of any molecule but is de- 
pendent in a predictable manner on the other spectroscopic 
constants. These relationships enable potential curves to be con- 
structed solely from a knowledge of w and r,. Calculated curves 
for the X'Z,* states of Hz and I, and ground and excited states of 
Nz agree extremely well with experimental curves, deviating by 
no more than 2°% of the dissociation energy. The agreement is 
very good for large values of r for Hz and I, which indicates that 
a general form exists for the interaction of bonding atoms at 
large distances. 


mental data and hence the technique is of little value 
in predicting data. These considerations make empirical 
approaches to these problems of considerable value. In 
this paper it will be shown how an empirical approach 
can be used to obtain reliable potential curves for 
ground and excited states of diatomic molecules using 
very limited data, in particular, from the vibrational 
frequency w, and the equilibrium bond length r,. This 
implies that the anharmonic corrections can be deduced 
from the same limited data. Rules and equations are 
developed for doing the latter, which are then used to 
reduce the necessary amount of data required to plot 
curves using a previously proposed potential function.‘ 
Most empirical approaches require sufficient data to 
determine the first-order correction terms from the 
harmonic oscillator model, that is, the anharmonicity 
x, and the vibrational rotational coupling constant 
a,. Even when these are known the resulting curves are 
not usually of high accuracy. 

The most successful approach to the potential 
problem is to assume a general analytical form for 
potential curves and to solve the Schrédinger equation 
using the general form for V(r). Considerable simplifi- 
cation of this technique was effected by Dunham,’* who 
solved the Schrédinger equation for a general power 
series expansion of V(r) and related the coefficients of 
Ar" to the molecular constants. These relations may 
lead to useful correlations between the molecular 
constants for any given assumed form of V(r). The 
earliest successful potential function was that of Morse,® 
which leads to a relation between w,, w.«, and D, from 
which either w,.x, or D, can be deduced from the other 
two constants with a reliability of about +20%. Many 


‘(a) E. R. Lippincott and R. Schroeder, J. Chem. Phys. 23, 
1131 (1955); J. Am. Chem. Soc. 78, 5171 (1956); J. Phys. Chem. 
61, 921 (1957). (b) E. R. Lippincott and M. O. Dayhoff, Spectro- 
chim. Acta 16, 807 (1960); E. R. Lippincott, J. Chem. Phys. 26, 
1678 (1957). 

5 J. L. Dunham, Phys. Rev. 41, 721 (1932). 

6 P. M. Morse, Phys. Rev. 34, 57 (1929). 
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other general forms have been suggested, some in- 
volving only three parameters, others more. Those 
involving more than three parameters are generally of 
very limited value for the prediction of spectroscopic 
parameters since so many are necessary to define the 
function. One simple internuclear potential function 
which has been used very successfully in correlation and 
prediction studies*” is 
V(r) =D.[1—exp(—nAr*/2r) ][1+af(r)]. (1) 
n is given by n=k,r./D., where k, is the force constant 
referred to zero displacement of the nuclei. In its 
simplest form a is taken as zero. This leads to reliable 
relationships between w,, wex., and D, for ground and 
excited states of diatomic and polyatomic molecules. 
The relevant equations are 
D,(ergs/molecule) =k,/[64m*cuw.x./3h—1/r2], (2a) 
WeXe=3h(n/re+1/r2) /64r* cp, (3a) 
and 


a,=0. (4a) 
In terms of Varshni’s notation® (2a) and (4a) may be 
written 

G=3[2A+1 ] (2b) 


and 


(4b) 


where F=aw,/6B2, G=8xw,./B., A=ker2/2D.z. 

However, Eq. (1) with a=0 (hereafter designated 
S.F. or simple function) suffers from the disadvantages 
that it predicts a, equal to zero and that its limiting 
forms are unsatisfactory. On the other hand, it may 
be derived from a semiempirical delta-function model 
of chemical binding.*> 

With a0 the internuclear potential function 
assumes a five-parameter form. To reproduce potential 
curves of bound molecular states the quantity f(r) 
must be chosen such that V(r) =o when r=O, and 
V(r) =D., when r=. For large values of r, f(r) was 
originally assumed to take the form of a Lennard-Jones 
(6-12) attractive potential* which is compatible with 
these conditions. The general form was 


V(r) =D [1—exp(—nAr 2) If1—a(r/r) 


; bn Arrh\3 | r.\ 
, 1—exp(— ) +a 
2r,'* r 
| ( || 
+} 1—exp] — —— te 
2r,!2 | 


7 E. R. Lippincott and D. Steele, J. Chem. Phys. (to be pub- 
lished). 
’Y. P. Varshni, Revs. Modern Phys. 29, 664 (1957). 
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This leads to the following relations: 
D.=w2/2nr.B., 
a= (6abB2/w.) (nr./2)* F=abA', 
Xe = $B 4+4nr.+ab(4nr.)'+ ($a2b?— ab?) dur, |, 


or 


(6) 
(7) 
(8) 


or 


weG=141A+abA!+ ($02b?— ab?) A. 


Another proposed form for (1) which leads to the 
same relations between a, fe, Qe, Xm@e, and D, (see 
below) is 


V(r) =D.{1—exp— (nAr?/2r) ]} 


-{1—a(b'n/2r)*Ar exp[— (b6’n/2r.)4Ar]}. (5b) 
This will be shown to be superior to (5a). Eliminating 
a from (7) and (8) and using the experimental values 
for the spectroscopic constants, 6 is found to have a 
constant value of 1.065+-0.03 for all states of all 
molecules with the exception of hydrogen, for which 
it is 1.16.7 Equations (2) to (4) and (6) to (8) are 
based on the much used assumption that B?/w,? is 
negligible in comparison with unity.’ This is not 
strictly true for hydrogen and would appear to be a 
plausible reason for the value of 6 for this molecule 
being out of line with its value for other molecules. 
Combining Eqs. (6), (7), and (8) allows D, to be 
calculated from experimental values of k., xi, Qe, Te, 
and b. Where the data are reliable it has been shown 
that the dissociation energies calculated from the 
three- and five-parameter forms agree extremely well. 
This suggests an equivalence of the two forms. Com- 
paring (2b) with (8) and eliminating A using (2b) 
leads to 


4G=1+2[1+3F 7/b. (9) 


Substituting }=1.065 in (9) results in a relationship 
between a, w,, Xe, and B, only, which is very similar 
to the Pekeris relation (10) obtained from the Morse 
function. 


IG=(1+F)? 


Equation (9) is slightly superior to Eq. (10), par- 
ticularly for hydrogen-containing molecules, and allows 
x. to be calculated with an average error of approxi- 
mately 5%. For the ground states of CS, Oz, Oxt, CO, 
10, and NO for which the data are accurate and well 
established, the error is less than 1%. Solving (2b), 
(7), and (9) for a in terms of F one obtains 


a=F/(1+¢F). (11) 


This allows the parameter a to be conveniently and 
rapidly evaluated from a, w., and B, only. The results 
of such calculations show that for the ground states of 
homonuclear diatomic molecules a is periodic within 
the periodic table, rising from 0.344 for H, to 0.636 for 


(10) 


9C. L. Pekeris, Phys. Rev. 45, 98 (1934). 
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TABLE I. Calculation of ground-state data from periodic a rule. (a) homonuclear diatomics.* 








a, calc 
(cm) 


We Ve 


acalc (cm7) (A) 


D. obs 
(ev) 


D. cale 
(ev) 


Xx, obs 
(cm7) 


Xe Cale 
(cm) 


a, obs 
(cm) 





0.475 351.43 .6725 0.00903 
kee 3.0786 0.00117 
3.923 0.000296 
589 0.0121 
3117 0.0157 
2422 0.0173 
~a0a° 0.00121 
.09754 .0184 
8931! .00145 
2074 .0162 
.889 .00168 
157 -000313 
59 .000099 
435 .01234 
.988 -00168 
2836 .00037 
oe 6666 .000141 


0.00704 2.946 2.592 1.065 -10+0.05 
0.00079 0.761 43 837 -75+0.03 
0.000219 0.314 - .681 .520 
0.014 6.770 : .066 
0.01683 10.454 67 365 
0.01832 11.656 : 297 
0.00135¢ 1.762 

0.017094 14.840 -9024.¢ 
0.001477! .657 : Ei 08! 
0.01579 625 3.215 
0.00160 .094 4.4 
0.00027 2.8+0.1 
2.30.2 
E; 

Ze 

ik 

1. 


3.0+0.5 


6 
51 
971 
556 


0.0017 
0.000275 265 1.07 
0.0001208 aU 0.6127 423 











® Unless additional references are listed the spectroscopic constants have been taken from G. Herzberg’s Spectra of Diatomic Molecules (D. Van Nostrand Com- 


pany, Inc., Princeton, New Jersey, 1950), pp. 502-581. 


> Unless additional references are listed the observed dissociation energies are taken from a tabulation by A. G. Gaydon, Dissociation Energies (Chapman and 


Hall, Ltd., London, 1953), 2nd ed. 
© A. E. Douglas, Can. J. Phys. 33, 801 (1955). 
4 A. Lofthus, Can. J. Phys. 34, 780 (1956). 
© B. P. Stoicheff, Can. J. Phys. 35, 730 (1957). 
fA. E. Douglas and P. T. Rao, Can. J. Phys. 36, 565 (1958). 


I,. For heteronuclear molecules the a values are given 
satisfactorily by the mean value of the a’s of the con- 
stituent atoms with the sole exception of hydrides for 
which a(H) is best taken as 0.376. Since the a values 
for the second column of the periodic table are un- 
known and those for the first column do not appear to 
be too reliable, it is not possible to give an unequivocal 
empirical form for @ in terms of the position of the 
element within the periodic table. The present data are 
satisfactorily represented by 


a(x) =0.335+0.0806+0.02[n.+-n, ], 


(12) 


where a(x) is the a value for the ground state, 6 is 
equal to unity for all molecules except hydrogen 
(hydrides) for which it is zero, and m, and n, are the 
column and row numbers of the element in the periodic 
table. 

The above relationships allow D,, x, and a, to be 
derived for the ground states of all diatomic molecules, 
apart from those involving transition atoms, solely 
from a knowledge of w, and r,. The appropriate equation 
for D, is 


D.= (30°) ker2(1—$a)?. (13) 


The results of some such calculations are tabulated in 
Tables I-III, where they are compared with the experi- 
mental quantities. The average percent deviations are 
10, 8, and 13% for a, x, and D,, respectively. 


EXCITED STATES 


The empirical equation (12) is valid only for the 
ground states of diatomic molecules. To extend these 
correlations to excited states it is necessary to find a 
relationship between w,, 7,, and a of the ground states 
and the corresponding parameters of the excited states. 
Birge” and Mecke" have shown that w,r2 is a constant 
for the different electronic states of one and the same 
molecule. This suggests relationships of the form 


(*)zy(*) 5 
or 3{1- 1am |], 
5 w(x) *r(a)¥ 4 
which were tried and found very successful with x=1 
and y=2. The result that the variations in a can be 
correlated with variations in w,r2 indicates that, 
although the constancy of w,.r2 is a good approximation, 


(14) 


R. T. Birge, Phys. Rev. 25, 240 (1925). 
™R. Mecke, Z. Physik 31, 709 (1925). 
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TABLE IT. Calculation of ground state data from periodic a rule. (b) heteronuclear.* 


a, calc 
(cm™) 


We 
(cm) 


le 


(A) 


a calc 
1885. .0172 
1514. 


2169.8: 


.0178 
.0187 
.00559 
.00604 
.000626 
.8679° .00271 
1904 
428. 
1337. 
1230. 


. 1508! 0.0176 


.3948 ).000391 
.4910 


4457 


0.00533 
0.00578 


.5718 0.00504 


.509 0.00492 


921 0.00202 


SO .4933 0.00584 


® See reference a, Table I. 

> See reference b, Table I. 

© D. H. Rank, A. H. Guenther, G. D. Saksena, T. 
dA. Lagerquist et al. Arkiv. Fysik 14, 387 (1959). 
® R. A. Durie, F. Legay, and D. A. Ramsey, Can. J. Phys. 38, 444 (1960). 
f W. H. Fletcher and G. M. Begun, J. Chem. Phys. 27, 579 (1957). 


small changes in this quantity can be simply related to 
changes in other molecular vibration-rotation parame- 
ters. The wide range of vibrational frequencies and bond 
lengths for hydrogen make it a very sensitive molecule 
for these correlations, and it was found that wr, is 
not nearly constant and using these powers of w, and 
r. in (14) does not reproduce the a’s of excited states. 


a, obs 
(cm?) 


0.01648 
0.025 
0.0175¢ 
.00597 
.006244 


.000534 


.002696° 


.O1788 

.000873 
0.00557 
0.0055 
0.00567 
0.00508 
0.0020 
0.00562 


N. Shearer, and T. A. Wiggins, J. Opt. Soc 


D. calc 
(ev) 


X42 obs 
(cm~) 


Xewe Calc 
(cm!) 


D, obs» 
(ev) 





11.769 
Ye 
13. 


12.35 
10. 
14.3 


6.116 


. Am. 47, 686 (1957). 


7.6+0.4 
4.0+0.5 
11.245¢ 
6+1 
7,241.04 
2.178 
1.9+0.2' 
6098 
3.25+0.3 
.1+0.8 
4 
4.5+0.4 
3. O+0.3 
5.0 or 3.6 


‘bh 


were''*, however, yields good correlations. Apart from 
hydrogen, w,r.2 can be used with little error. Equation 
(13) in conjunction with (14) does not always predict 
the molecular parameters with high accuracy, par- 
ticularly D,, but serves to indicate the approximate 
value of the dissociation energy, from which the dis- 
sociation products may be deduced and hence an 


TABLE III. Calculation of ground state data from periodic a rule. (c) hydrides 


a, calc 
(cm™) 


le 


a calc A) 


Mol. 


0 


455 


475 


. 0.154 
0.068 


AlH 
BaH 


.64592 
.2318 

435 
455 


.465 


2058. .3431 0.295 


2861. .1198 0.462 


890.7 494 

.2744 
.41468¢ 0. 
.91717 


.595354 


0.055 
2989. 0.292 
2649. 222 
0.784 
0.218 


0.669 


LiH 


OH .9706 


® See reference a, Table I. 


b See reference b, Table I. 


D, cale 
(ev 


D, obs” 
(ev) 


X40 obs 
(cm™) 


Ywe Calc 
(cm) 


a, obs 
(cm) 


0.188 25.14 


29.145 2.89 


0.066 awe 
0.300 

0.534 

0.057 
.304 
232° 
.789 


.213¢ 


714 


© H. M. Mould, W. C. Price, G. R. Wilkinson, Spectrochim. Acta. 16, 479 (1960). 


1R. Velasco, Can. J. Phys. 35, 1204 (1957). 
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TABLE IV. Calculation of excited state data from empirical a rules.* 


a calc a obs Xe Calc Xe, ObS D.calc D, obs» Dissociation 
. State we (cm™) re (A) a cale (cm™) (cm™) (cm™) (cm) (ev) (ev) products 








cl, 2465.0 1.0376 0.316 1.189 42: 66. 61.4 2.97 03 22P+12S 
a*S,* 2664.8 0.9887 .319 1.450 67 28 71.65 3.12 3.01 22S+12S 
e*S,+ 2195.8 1069 317 7 515 50. 65.80 3.42 3°P+4 
h3,+ 2395.2 045 324 23 2 7. 64.2 7 2.83 

cM, 2442. .0331 32! 626 25 67.0. 49 


.0496 JZ. 21% 545 


.1026 : wf .670 


2824. 1132 ; é 744 


255.46 3.108 45 .00442 .00541 


269 .69 .936 ; 0.0127 .00804 


1788.2 . 2660 54! 0.0264 0.01608 i ; Bh Re. 2*P+2'D 
1106.6 Be coe 0.0417 0.0242 8. 39.2 my B 2%P+2 *P 
1855.6 .2422 544 0.0204 0.01832 ‘ ; .67 a 2 *P+2 *P 
1608.3 318 S 0.0195 0.01720 = 2: 5d : 23P+2 %*P 


1809.1 ‘ato ioe 0.049 0.0180 me 5.8 ; §.3 21D+2'!S 


0.0248 0.02229 7.83 7.2505 : 3. 2 *P-+-2 *P 
0.0143 0.0187 5. 013 3. <a 2 *P+2 *P 


0.0195 0.0193 ia 47 8 §.18 2%P+2%P 


0.00996 0.005922 , 4 .02 2%P+2 *P 


1460.60 : 0.0187 0.01798 3.85 3.85 hee B 24S+24S 
1734.42 imie 0.0196 0.01794 ‘ S$. é é 2*S-++2 7D 
1490 .28 ; 0.00959 oer ‘ ae KF ? 2 4S+2 2D 
1693 .7¢ .2197¢ .58 0.0164 0.0183¢ : a. : : 2*D+2°D 
15304 27 .587 0.0139 0.01644 : 12. 3. 3: 2*D-+2*D 
1522 cme ra 0.0152 ee .565 Re: 2 *S+2 *P 
1548 . 26% .587 0.0170 para oe 8+1 : 5.53 22D+2?D 
2047 .09 .148 56x 0.0238 0.01868 : 28.446 : 92 2P+22D 
2184.5 ‘ . 0.0183 exe : as ‘ .33 2*S-+-3s*P 
CI.) 2035.0 - 4 0.0161 ie ; Rais : .64 24S+sp'*P 
[z+] 2215.0 5: 0.0188 er . nes ; 02 24S+3s4P 
[I1,,] 1950.0 , ; 0.0166 oie . see 2 t. 24S+-3s ‘P 
pS, 2217.0 , As 0.0205 was : 58 ; 2 4*S+3s *P 
oN, 2020.0 ; ; 0.0168 is ; 32. : ; 2 4S-+-3s 4P 
2180.0 ‘ SS 0.0171 ear ; ‘ : ‘ 2 4S+4s ‘P 
1910.04 : : 0.0160 0.02254 ‘ 2 *S+3p 4P 
1708 .0° . Va 0.0197 uted Yor “ve 5.65 24S+3s ‘P 
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Table IV (continued) 


a calc 


Mol. (cm) 


State we (cm7) re (A) a calc 





NO 


A *=t 2374.8 .0637 
448 
.0661¢° 


.0620! 


0.541 
0.606 
0.540 


0.548 


0.0211 
0.0121 

0.0199 
0.0256 
0.0166 


1036.96 
2373 .6° 
2323 .90f 
1216.6 


0.612 0.0196 


1509.3 0.574 0.0171 
0.0183 
0.0164 


0.0211 


1432.69 0.582 


700.36 0.629 


650.49 0.643 


1035.69 0.610 0.0146 
0.0173 


0.0194 


900 0.629 


1196.77 0.608 


0.656 0.00306 


B iil, 0.571 0.000495 


Bt 0.637 0.00181 


H 0.633 0.00148 


128.0 0.687 0.000157 


B *II9* 


® See reference a, Table I. 

> See reference b, Table I. 

© A. Lofthus, Can. J. Phys. 34, 780 (1956) 

4 A. Lofthus, J. Chem. Phys. 25, 494 (1956). 

© E. Miescher, Can. J. Phys. 33, 355 (1955). 

f R. F. Barrows and E. Miescher, Proc. Phys. Soc. 
© G. Herzberg, Can. J. Phys. 31, 57 (1953). 


(London) 70A, 219 (1957). 


accurate value of D, determined. The corrected D, 
can then be used to determine an improved a, then a, 
and x.,. Calculated values of D,, a, and x, are listed 
along with the observed values in Table IV. When the 
dissociation products are ionic, (1) is not valid and 
consequently none of the derived formulas are appli- 
cable. Generally, however, the ionic states can be 
recognized by their very low vibrational frequencies or 
negative anharmonicities. No known potential function 
is applicable to such states. 


ALTERNATIVE FORMS FOR THE FIVE-PARAMETER 
FUNCTION 


Expansion of the 1+af(r) part of (5) as far as the 


second power of Ar leads to 
b’nr.\/ Ar ‘< | 
2 t. |" 


{/b?nr.\bAr er 
1+af(r) =1—a}\| — _ (15) 
A 2 74 
Higher powers of Ar/r, do not affect the 


relations 


a obs 
(cm) 


0.01928 
0.0116 
0.0182° 


0.019 


0.0171 
0.01817 
0.011 


0.02055« 
0.01575 
0.01906 
0.02206 
0.00273 
0.000219 
0.0018 
0.00135 


0.00017 


D, calc D, obs Dissociation 
(ev) (ev) products 


Xe ODS 
(cm) (cm™) 





2°*D+421S 
2°D+2%P 
24S+43 
2°*D+2 
3 *S+42 
2°P+2 


18.05 


7.990 


16.46 
7.603 


10.4 
fee 
16.77 


23.38 


5S 
1p 
12.84 or 10.3 or 4S 


13.26 5.8 ; 2 By | 
13.01 
13.84 
11.63 


15.051 


4. 
13.9501 E Fos 
8.002 
17 .036# 


23P42 
23P42 
2*P+2 
23P+2 


0.96 
0.69 


9.812 
10.986 
13.574 


10 .39 
13.4 
17.09 


1.93 
1.23 


23P+2 
23P +424 


2.20 2°D 24S 


5.228 1.09 : 5 *#P+2 'D 


0.6153 0.336 427P+4?7S 


1.24 3*P+3'D 
0.67 3 *P+3 'D 


0.6886 


0.39 5 3Py+5 2 Py 


between D,, B., we, &, and x... The function (5a), as 
has been previously pointed out,’ is not the only func- 
tion which will yield the above expansion and hence 
lead to Eqs. (6) to (8). Some of the alternative forms 
for 1+<af(r) are listed below 


1+<af(r) =1—a(b’n/2r) Ar exp[—(b'n/2r) Ar (16a) 
=1—a(b’n/2r))Ar exp[—(b’n/2r.) Ar (16b) 
=1—a(b’n/2r)Ar(r./r)* expl— (b’n/2r) Par. 


(16c) 


Others such as 
1+af(r) =1—a(b’n/2r) Ar 
X {1—log.[1+ (b'n/2r) Ar ]} 


do not go to the correct limits and need be considered 
no further. The test of the validity of the functions 
(16a) to (16c) is their ability to reproduce known 
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Fic. 1. (a) Potential energy curve of X 'Z,* state of hydrogen. 
b) V(r) curve for X 'Z,* state of Hz at large Ar. 
Q g 


potential curves and to allow higher-order vibration- 
rotation energy terms to be predicted. The latter will 
be discussed in a future publication. In the present 
paper the capability of the proposed functions to 
reproduce experimental curves, as given by the 
R.K.R.V. method, will be examined, and then formulas 
given in the previous section will be applied to 
constructing curves from limited data. 


CONSTRUCTION OF POTENTIAL CURVES 


Experimental curves are known for a considerable 
range of bond lengths for the following: X *2,~, *A., 


“> 


o RKRV 

x DALGARNOs LYNN (b) 
© STEELE a LIPPINCOTT 

+ KOLOS 4 ROOTHAAN 


iy, and B*2,- 
X 15+ of HF"; X1Z,+, A *Z,*, Bl,, all, states of 
N.!; X 7II,;, and A *Z* states of OH"; X !Z,* state of 
H,? and X '3,* state of Jo.'° The most complete curves 
are for the latter two molecules and consequently were 


states of O,"?; X 2II,;, B°II of NO®; 


2 J. T. Vanderslice, E. A. Mason, and W. G. Maisch, J. Chem. 
Phys. 32, 515 (1960). 

18 J. T. Vanderslice, E. A. Mason, and W. G. Maisch, J. Chem. 
Phys. 31, 738 (1959). 

4R, J. Fallon, J. T. Vanderslice, and E. A. Mason, J. Chem. 
Phys. 32, 698 (1960) ; 33, 944 (1960). 

%R, J. Fallon, I. Tobias, and J. T. Vanderslice, J. Chem. 
Phys. 34, 167 (1961). 

16 R. D. Verma, J. Chem. Phys. 32, 738 (1960). 
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used first, along with that of the X 'Z,* state of Ne, to 
test the proposed functions. V(r) as given by (5a) 
consistently gives potentials which are far too small 
for negative values of Ar and values somewhat too high 
for intermediate positive values of Ar. This is shown 
for Ns in Table V, where the potentials as given by 


(5a), (16a), and (16b) are compared with experi- 
mental values.' Equations (16a) and (16b) both yield 
potentials for the ground state of Ne which are never 
in error by more than 2% over the range of known 
values. Proceeding to Hy the potential curve of the 


TABLE V. Potential energy of X 'Z,* state of No. 


r-=1.0976A w, = 2358.07 cm™ 


V(16b) V{ER.K.R.V.] 


V (16a) 


—_ 
4.792 
0.929 
0.568 
1.810 
4.716 
6.996 
9.073 


9.861 


5-00 


650 A 


ground state has already been evaluated using (5)* and 
the results were similar to those of Ne. Clearly this 
function need no longer be considered. For large values 
of Ar, (16b) is much superior to (16a) (see Table VI). 
A comparison of observed curves with that calculated 
using (16b) is shown in Figs. 1 and 2. Good agreement 
for large values of Ar is also obtained for the X !Z,* 
state of iodine using (16b), though the potential curve 
is 2 to 3% low for values of Ar, for which V(r) ~3D, 
(Table VIL). It should be noted that Verma’s curve for 
v''> 84 is not completely reliable as it is based on an 
extrapolation procedure for estimating frmin. This was 
necessary due to lack of data on B, and a,. Also Verma’s 
Eqs. (17) and (18) are in error.? These results and the 
simplicity of (16b), as far as computing curves are con- 
cerned, have led the authors to adopt this form for the 
five-parameter function until more reasonably com- 
plete experimental potential curves are available on 
which to test the functions. A detailed comparison of 
the simple function, the complex function as defined by 
(16b) and functions proposed by other authors is now 
in progress. 

CONSTRUCTION OF POTENTIAL CURVES FROM 

LIMITED DATA 

As has already been shown, the parameter @ can be 
estimated for any bound nonionic state of any diatomic 
molecule for which w, and r, are known. From this, an 
approximate value for the dissociation energy can be 
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parison of the calculated A’ with the possible atomic 
excitation energies of the dissociation products will 
usually allow the states of the dissociated atoms to be 
determined unambiguously. Using the corrected value 
of A’, a more accurate value of the dissociation energy 
of the excited state can then be deduced. Since 6 is a 
known constant no further information is necessary to 
construct the potential curve using (5b). The parameter 
n is computed from n=k,r,/D,. 

The published data on N,"*—” have been analyzed in 
this manner and potential curves constructed for all 
known states which do not dissociate to ionic products 

17R, §. Mulliken, Laboratory of Molecular Structure and 
Spectra, University of Chicago, Tech. Rept., 1956, p. 189. 

18 G. H. Dieke and D. F. Heath, J. Chem. Phys. 33, 432 (1960). 


9G. H. Dieke and D. F. Heath, Johns Hopkins Spectroscopic 
Rept. No. 17, Baltimore, Maryland (1959). 


(see Table VIII and Fig. 3). An inherent assumption 
in this approach is that the states concerned retain the 
same character over all range of bond lengths, that is, 
that they are not seriously disturbed by other states 
over any given range of bond lengths. Not in all cases 
could the dissociation products of N2 be unambiguously 
determined on account of the large number of atomic 
excitation energies near to 12 ev. In the majority of 
such cases the products as assigned by Mulliken” were 
accepted as correct. Only two states deserve comment. 
The dissociation energy of the w!A, state as derived 
from the empirical @ rules is 3.94 ev, whereas that 
derived from the simple potential function using the 
observed anharmonicity of ~8 cm™ is 7.5 ev. a is 
known to a much higher precision than x, for this 
state. Calculating x, from a, by (9) leads to a value 
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of 11.92 cm™! for xm, and 4.91 ev for D,. This is in 
excellent agreement with the dissociation energy based 
on the dissociation products being 27D+2°D. 

The ®2,* state arising from ground state atoms is 
suggested” to have a bond length of about 1.6 A and a 
vibrational frequency of ~12 cm™. These values lead 
to an impossibly low dissociation energy. Equating (13) 
and (14) and using the known D, and the above value 
for r, leads to w, =469 cm. Clearly more reliable data 
are needed before an accurate curve can be constructed 
by this method. 

The calculated potential curves agree well with the 
R.K.R.V. curves where these are available. For ex- 
ample, Eq. (16b) gives values of V(r) which are rarely 
more than 2% in error for the ground states of I:, He, 
and No. The discrepancy is somewhat larger for the 
CII, state. This is of interest as this state is strongly 
disturbed by another ‘II, state, suggesting that the 
discrepancy is a consequence of this perturbation. 


CONCLUSION 


On the basis of the observed dependence of a on the 
position of the element in the periodic table for the 
function (1) in the form (5a) or (5b), the first-order 
anharmonic corrections to the potential x, and a 
have been calculated from the vibrational frequencies 
and bond lengths. This allows the potential curves for 
the ground states to be evaluated. The potential func- 
tion as defined by (5b), in conjunction with the 
simplification resulting from the above, lead to sur- 
prisingly accurate potential curves for ground states 
and excited states. Since in general the anharmonicity 
and/or the vibrational-rotational coupling constant are 


2 C. M. Herzfeld and H. P. Broida, Phys. Rev. 101, 606 (1956). 
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not well known—if known at all—this technique should 
be of considerable value when other information is not 
available and a knowledge of potential curves is 
desirable. 

Such curves are not readily calculated from first 
principles. The difficulty of calculating potential curves 
is well illustrated by the recent work of Kolos and 
Roothaan.”! Using 50-term wave functions and a S.C.F. 
procedure, the potential curve was calculated for values 
of r from 0.423 to 2.22 A. For small internuclear dis- 
placements from equilibrium the calculated curve 
agrees extremely well with the experimental. However, 
for r> 1.6 A the calculated curve deviates seriously from 
the R.K.R.V. curve (see Fig. 1). This is because the 
wave functions are a power series in r and cannot 
behave properly for large values of r. 

The excellent agreement between the calculated and 
experimental curves as defined by the R.K.R.V. 
method especially for hydrogen and iodine, even for 
large internuclear separations is indicative of the 
nature of the interatomic forces. The dissociation 
products for I, are 5°P3+5°P; while for Hz they are 
1°S+1°S. It is interesting that this agreement appears 
to hold for the states of separated atoms which have 
and do not have quadrupole moments since the long- 
range interaction potential is often believed to be 
different for the two cases. An improved R.K.R.V. 
curve for I, at large internuclear separations would be 
of considerable value in this connection. 
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A model is presented for the diffusion of gases in porous media in the absence of pressure gradients, in 
which the porous medium is visualized as a collection of uniformly distributed “dust” particles which are 
constrained to be stationary. By formally considering the dust particles as giant molecules, it is possible to 
derive all the desired results very simply from rigorous kinetic theory as special cases of multicomponent 
mixtures. By formally varying the mole fractions of the real gas molecules, the entire pressure range from 
the Knudsen region to the normal diffusion region can be covered. This model permits the first satisfactory 
theoretical derivation of the experimentally discovered fact that the flux ratio for binary mixtures is equal 
to (m2/m)* at all pressures (not just in the Knudsen region). It also permits a rigorous theoretical treat- 
ment of the entire transition region for the first time, from which is obtained the usual Bosanquet interpola- 
tion.formula and a differential equation for diffusion which covers the entire range (and appears to be new). 
The model gives no quantitative @ priori characterization of the porous medium itself, but if one gas mix- 
ture is measured in a given medium, then the behavior of other gas mixtures in the same medium can be 


predicted. 


INTRODUCTION 


IFFUSION in porous media”can occur via three 

paths: through the pore volumes, along pore sur- 
faces, and through the solid matrix material of the 
media. The relative importance of these paths depends 
on many factors, but a large fraction of the diffusion 
at ordinary and high temperatures will occur in the 
pore volumes unless the porosity and permeability of 
the medium are very low. The present discussion is 
limited to diffusion in the pore volumes. 

Two limiting cases of such diffusion are usually dis- 
tinguished: Knudsen diffusion (or free molecule flow) 
and normal diffusion. In Knudsen diffusion the limiting 
mechanism is the collision of the gas molecules with the 
solid walls of the medium, the collisions between gas 
molecules having negligible effect. In normal diffusion 
it is the gas-gas collisions which are limiting, and the 
gas-wall collisions are negligible. The usual rough 
criterion for Knudsen diffusion is that the mean free 
path of the gas molecules be much larger than some 
characteristic dimension of the apparatus (the pore 
diameter in the case of porous media), and for normal 
diffusion that the mean free path be smaller than the 
characteristic apparatus dimension. Most real cases of 
diffusion are probably intermediate between these two 
limiting cases. 

The purpose of the present paper is to give a dis- 
cussion of uniform-pressure diffusion in porous media 
from a single consistent point of view which embraces 
the entire range from the Knudsen region to the normal 
diffusion region. This is done by means of a model, in 
which the porous medium is visualized as a collection 


of spherical particles which are very large in size as 


* Operated by Union Carbide Corporation for the U. S. Atomic 
Energy Commission. 


compared to a gas molecule, and which are constrained 
to be fixed in space by the experimental conditions. In 
other words, the system is visualized as a “dusty” gas! 
in which the dust particles are held stationary. By 
formally treating the dust particles as giant “‘mole- 
cules,” which are merely one more component of a 
multicomponent mixture, we are able to treat the 
system by means of the classical kinetic theory of 
multicomponent mixtures, and to derive many of the 
usual results for diffusion in porous media (as well as 
some new results) very simply as special cases of 
standard kinetic theory. 

Although the results derived in this way are rather 
general, most of our discussions of specific cases will 
be limited to binary gas mixtures and steady-state 
diffusion, simply because most experimental results are 
of this type. 


BASIC CONSIDERATIONS 


Normal Diffusion in Tubes 


For orientation and the definition of some of the 
terms, it is convenient to consider first the normal 
diffusion of gases through capillary tubes (one-dimen- 
sional diffusion). In the usual experiment, two large 
closed vessels containing different gases at the same 
temperature and pressure are connected together by a 
capillary tube through which diffusion occurs. There is 
an initial transient condition in which more of the fast- 
moving light molecules pass through the capillary in 
one direction than slow-moving heavy molecules pass 

1 Note added in proof. It has recently come to our attention 
that a ‘“‘dusty gas” model has been previously proposed by B. F. 
Derjaguin and S. P. Bakanov in connection with the problem of 
gas flow in a porous body near the Knudsen region [Soviet 
Physics-Doklady 2, 326 (1957); Discussions Faraday Soc. 30, 
130 (1960) J. 
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in the opposite direction. This net flux of molecules 
soon results in a small pressure difference between the 
vessels, which causes an over-all back flow of gas through 
the capillary. This pressure difference has been directly 
observed in the normal diffusion region by Kramers 
and Kistemaker,!* who used a sensitive diaphragm 
differential manometer, and by McCarty and Mason,’ 
who used the pressure difference to move a small 
“marker” piston in a horizontal tube. It has also been 
observed in the Knudsen region by Bernstein.’ If the 
volume of the vessels is much larger than the volume 
of the capillary tube, a quasi-steady state is soon set 
up in which there is no net flux of molecules between 
the vessels, the pressure difference assuming a steady 
value just sufficient to cause the net flux to be zero. 4 

The conditions are drastically altered if the pressures 
at the two ends of the tube are maintained exactly 
equal. This can be done, for instance, by sweeping the 
ends with the pure component gases, and determining 
the fluxes by analysis of the gas diffused into the sweep 
streams (see Fig. 1). In this case there is a net flux J 
(molecules/cm?-sec) through the tube in the same 
direction as the flux of light molecules. If the tube is 
large enough in diameter that molecule-wall collisions 
are negligible, it is easy to show, from the one-dimen- 
sional equations of motion and continuity of the gas, 
that the mass average velocity of the gas is zero. The 
mass average velocity is defined as‘ 


v= (1/p) (ym +nemd.), (1) 
where 
p=nNym,+nomMe. (2) 


Here m, and mz are the concentrations of the two species 
1 and 2 in molecules/cm* and m, and my are their 
molecular masses, so that p is the total gas density in 
g/cm’, The average molecular velocitiest (not to be 
confused with average molecular speeds) are 0; and dp. 
Since the fluxes of the species are J; =m0,; and J2= nebo, 
Eq. (1) with v=0 leads directly to 

J; /Jo=—m>/m. (3) 


/ 


The minus sign occurs because the fluxes are in the 
opposite direction in the present case. For example, if 
He and Ar are diffusing, 10 times more He atoms pass 
through the capillary than Ar atoms. For the usual 
closed vessel case, however, 
J=J,+J2=0, (4) 
so that the ratio of the individual fluxes is unity. 
The multicomponent generalization of Eq. (3) is 
mJ ;=0. | 
18H. A. Kramers and J. Kistemaker, Physica 10, 699 (1943). 
2K. P. McCarty and E. A. Mason, Phys. Fluids 3, 908 (1960). 
?R. B. Bernstein, J. Chem. Phys. 17, 209 (1949). See also 
B. V. Derjaguin and D. A. Batova, Doklady Akad. Nauk S.S.S.R. 
128, 323 (1959). 
4 J. O. Hirschfelder, C. F. Curtiss, and R. B. Bird, Molecular 
Theory of Gases and Liquids (John Wiley & Sons, Inc., New 
York, 1954), pp. 453-454. 


DIFFUSION 


IN POROUS MEDIA 



































T 
JaNacysis 


Fic. 1, Diagram of typical steady diffusion experiment. 

It should be remarked that Eq. (3) probably repre- 
sents an unattainable limiting case in practice, since it 
is derived on the assumption of negligible gas-wall 
interactions. The walls do have an important effect on 
gas flow even in large tubes, however, producing a 
parabolic velocity profile across the tube diameter 
(Poiseuille flow). In other words, the gas-wall inter- 
actions introduce viscous terms into the equation of 
motion, which had been dropped in the proof that 
v=0. 

In any case, whether the net flux J is zero or not, 
the usual diffusion equations for the two species can 
be written as follows in the norma! diffusion region®*: 


J (= —Dy»(dn,;/dz) +x; J; i=1 or 2, 


(5) 
where n=-+m2 is the total molecular concentration 
and «;=n,/n is the mole fraction of species i. The dis- 
tance coordinate is z. Dy is the normal diffusion co- 
efficient, given in terms of molecular quantities by’ 


Dy = (16n/3) (u/2rk T)* (0427) Qh" ~ 


where p=mym2/(m,+m2) is the reduced mass, & is 
Boltzmann’s constant, oy. is the collision diameter, 


(6) 


5R. D. Present, Kinetic Theory of Gases (McGraw-Hill Book 
Company, Inc., New York, 1958), p. 49. 
5R. B. Bird, W. E. Stewart, and E. N. Lightfoot, Transport 
Phenomena (John Wiley & Sons, Inc., New York, 1960), p. 502. 
7 Reference 4, p. 539. 
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and Q)"')* is the so-called collision integral for diffu- 
sion, defined so as to be equal to unity for rigid spheres 
of diameter oy. Deviations of Q:.-)* from unity are a 
measure of the deviations of the intermolecular forces 
from forces between rigid spheres. It is assumed that 
the gases are ideal, so that the pressure is given by 


p=nkT. 
Diffusion in Porous Media 


Normal diffusion in porous media is formally analo- 
gous to diffusion in tubes, and can be described by the 
same equations if suitable parameters characterizing 
the porous medium are inserted. Thus, in close analogy 
to Eq. (5), one usually writes 


Ps i=— ( Dye ) eff (On ;/02) +x J, ( 7 ) 


where J; and J now refer to unit area of porous medium 
and (Dj)ers is proportional to Dy, the constant of 
proportionality being characteristic of the internal 
geometry of the porous medium. For instance, one 
often writes 


(Dy) ets =€D2/Q, (8) 


where ¢ is the porosity and g is a tortuosity factor.*® 

Knudsen diffusion in porous media is different in 
character from normal diffusion. The flux of one species 
is not affected by the presence of the other species 
since gas-gas Collisions are negligible, and so the Knud- 
sen diffusion coefficient D;x becomes identical with the 
permeability coefficient K;, which is defined by the 
expression 


K; Opi _ is On; 
kT 82 2~—S 8” 


J; (9) 
where p; is the partial pressure of the ith species.§ Thus 
in the Knudsen region in place of Eq. (7) we have 


J i=—Dix(an;/d:), (10) 


an equation which has no contribution from a flow term 
like x;J in Eq. (7). The Knudsen diffusion coefficient 
is given by the expression*®:” 

Dix=45(8kT/xm,)*Ko, (11) 
where Ko is a constant (with the dimensions of a 
length) characteristic of the porous medium (just as 
e/g is a characteristic constant of the porous medium 
in the normal diffusion range). One well-known result 
that follows immediately from Eqs. (10) and (11) 
when the total pressure is uniform (so that 0p;/dz= 
—<dp./dz) is 


Ji/J2=— (m2/m)}, (12) 


8P. C. Carman, Flow of Gases Through Porous Media (Aca- 
demic Press Inc., New York, 1956), pp. 78-79. 

9]. M. Hutcheon, B. Longstaff, and R. K. Warner, Industrial 
Carbon and Graphite (Society of Chemical Industry, London, 
1957), p. 259. 

10 W. G. Pollard and R. D. Present, Phys. Rev. 73, 762 (1948). 
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which has been experimentally verified for porous 
media." 

The different pressure dependence of the diffusion 
coefficient in the normal and Knudsen regions should 
be noted. In the normal diffusion region Dj is inversely 
proportional to pressure, but in the Knudsen region 
Dx is independent of pressure. 

In the intermediate pressure region the effective 
diffusion coefficient is usually represented by the 
Bosanquet interpolation formula,” 


(Dy) ett! = (Die) tf 1 +Dix™. (13) 


This formula was originally obtained by an elementary 
mean free path argument, but it appears to be in 
agreement with more elaborate calculations,'® and with 
the limited experimental data available." 


EXPERIMENTAL STUDIES 


The arrangement of Fig. 1, with a septum composed 
of porous material rather than parallel tubes, is a 
representation of the experimental method developed 
by Wicke™ to study the diffusion of CO: in various 
N.-saturated media. Wicke’s method was later used by 
others'*-'® to study diffusion in porous catalysts, 
although Hoogschagen'*!® was apparently the first of 
these workers to consider the fact that the net flux 
J =J\+J2 was not zero in this experiment. Previous 
workers had assumed (erroneously) that J;+/:=0, 
presumably by analogy with the closed vessel case. 
Although Hoogschagen’s measurements were far out- 
side the Knudsen region, he found the ratio of the 
fluxes to be equal to (m2/m,)' within experimental 
error, just as given by Eq. (12) for pure Knudsen flow. 
This rather surprising result has since been confirmed 
more extensively..*° It appears to hold throughout the 
entire range of pressures and pore sizes investigated. 

The experiments of Evans with He and Ar diffusing 
through a large pore graphite (pore radius ~3 ») may 
profitably be discussed in more detail. Two types of 
measurements were made. In the first type the pressure 
difference Ap across the septum was kept as nearly 
equal to zero as possible and the fluxes of He and Ar 
were measured. Since it was difficult to hold Ap exactly 
zero, a second type of experiment was performed in 

11 See, for example, R. M. Barrer, Diffusion in and through Solids 
(Cambridge University Press, New York, 1951), pp. 65-73. 

2 C, H. Bosanquet, British TA Rept. BR-507 [1o44), referred 
to on p. 770 of reference 10. 

13 (a) R. B. Evans, III, J. Truitt, and G. M. Watson, J. Chem. 
Eng. Data, to be published (1961). (b) ‘Superposition of forced 
and diffusive flow in a large pore graphite,’”” ORNL-3067 (1961). 

4 E. Wicke, Kolloid Z. 93, 129 (1940). 

18 FE. Wicke and R. Kallenbach, Kolloid Z. 97, 135 (1941). 

16 A, Wheeler, “‘ Reaction rates and selectivity in catalyst pores,” 
Advances in Catalysis (Academic Press Inc., New York, 1951) Vol. 
III, pp. 260-275. 

17 P, B. Weisz and C. D. Prater, “Measurements in experi- 
mental catalysis,” in Advances in Catalysis, (Academic Press Inc., 
New York, 1954), Vol. VI, pp. 185-195. 

18 J. Hoogschagen, J. Chem. Phys. 21, 2096 (1953). 

19 J. Hoogschagen, Ind. Eng. Chem. 47, 906 (1955). 

20 E. Wicke and P. Hugo, Z. physik Chem. 28, 26 (1961). 
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whichAp was deliberately varied (but the mean pres- 
sure pm was held constant at 2 atm) and the fluxes 
measured. The results are shown in Fig. 2, from which 
the fluxes at Ap=0 can be obtained by interpolation. 
[The curves for Jue and J, were obtained by inte- 
grating Eq. (7), taking J to ke an experimentally 
determined constant.] The results for both types of 
measurements are summarized in Table I, where it can 
be seen that Eq. (12) is followed within experimental 
error, although the measurements were made within 
the normal diffusion region. 

Hoogschagen’s data are summarized in Table I, 
and it is seen that Eq. (12) is again followed within 
experimental error, although the pore size of the 
septum (which was made by compressing carbony] 
iron spheres) was about 0.8 yu, which was much larger 
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lic. 2. Diffusive flow as a function of total pressure drop 
(Pue—Par) across a large pore graphite at P,,=2 atm and 
100°C. 


than the mean free paths of the molecules at atmos- 
pheric pressure.!® 

Our attempts to explain the foregoing observations 
have led to the model described in the next section. 


A PORE DIFFUSION MODEL 


There are three main results which should be ex- 
plained by a model which clains any generality: 


1. The fact that the flux ratio is accurately given by 
(m2/m,)* in both the Knudsen and normal diffusion 
regions. 

2. The Bosanquet interpolation formula, Eq. (13). 

3. The flux equation is given by Eq. (7) in the nor- 
mal region and by Eq. (10) in the Knudsen region. 


In fact we may hope’ to find the general equation to 
be of the form 
J = — (D,) ets(On;/0z) +4; 5+5;(p), 


t=lor2, (14) 
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TABLE I. Experimental and calculated flux ratios for He and Ar in 
a large pore graphite at uniform total pressure. 


Source 


—Jee/ Jar 


3.28 
3.10 
3.16 


Exptl, Ap=08 
Exptl, interpolated from Fig. 2 
Calc, (mar/mHe)* 


® Average of 18 experiments as reported in J. Chem. Eng. Data, (to be pub- 
lished) 1961,!5* at various temperatures and pressures. 


where both (D;) ers and 6;(p) are functions of pressure. 
At very low pressures 6;(p) =0 and (D;)etr+=Dix, so 
that Eq. (10) is recovered. At high pressures 6;(p) =1 
and (D;)etr= (D2) etr=(Dis)ett, so that Eq. (7) is 
recovered. 

The most obvious physical difference between diffu- 
sion through a large capillary tube and through a 
porous diaphragm is that in the latter case the gas 
molecules will make many collisions with the walls of 
the porous diaphragm before finding their way through. 
In this case we cannot use the equation of motion of 
the gas in free space to derive a boundary condition 
like that of Eq. (3), but must resort to another ap- 
proach. One obvious procedure would be to introduce 
the viscous terms into the equation of motion to allow 
for the gas-wall interactions. This procedure was used 
by McCarty and Mason? for capillaries with diameters 
of several hundred microns, but it is mathematically 
complicated and appears hopeless for application to 
porous media. Another approach seems called for, and 
we imagine that the solid materials along the pore sur- 
faces can be idealized as a collection of large spherical 
particles among which the small gas molecules must 
diffuse. The rest of the solid matrix of the porous 
diaphragm merely contributes to the porosity and 
tortuosity factors, as in Eq. (8). We now consider 
these large diaphragm particles as giant molecules, 
which form merely another component of a multi- 
component gas mixture that we can treat by classical 
kinetic theory methods. The model is thus that of a 
dusty gas in which the dust particles are fixed in space 
and uniformly distributed, so that the following special 
conditions hold: 


da=0, On,/dz=0, (15) 


where the subscript d refers to the dust or diaphragm 


TABLE II. Hoogschagen’s equal pressure diffusion data for three 
gas pairs in a large pore medium. 


—Si/ Js 
(Av. exptl) 


Cale. 
(mo/m,)* 


Gas pair 
(1-2) 


2.74 
N2—O, 1.08 
CO.—Orz 





0.85 
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particles. Since the dust particles are considered 
formally as giant gas molecules, we can cover the entire 
pressure range from the Knudsen to the normal diffu- 
sion region by the trick of allowing the mole fractions 
of the real gas molecules to vary between 0 and 1. This 
model was suggested by Waldmann’s recent work on 
the forces acting on small spheres suspended in an in- 
homogeneous gas.” 

If we now write the diffusion equations for the multi- 
component mixture and apply the conditions of Eq. 
(15), we can obtain all the desired results after a little 
algebra. For a mixture containing » components, the 
diffusion equations can be written as the following set 
of v—1 independent equations (there is also a vth 
equation, but it is the sum of the y—1 
equations)”: 


other 


Ds nwn;/n*D;;) (6;—d;) =n (dn;/dz), 


ij 


(16) 


where the D;; are binary diffusion coefficients given by 
Eq. (6). Two modifications of Eq. (16) need to be 
made for porous media. In free space J;=n@;, but in 
a porous medium J; is referred to unit area of medium, 
not of free space. A factor is thus needed for porosity 
and tortuosity. Furthermore, the total molecular 
density » in Eq. (16) formally includes the dust 
particles, whereas we prefer to keep the notation that 
n refers only to true gas molecules. We therefore write 
n’=n-+-na, and D;;' in place of Dj; to emphasize that 
these diffusion coefficients formally refer to a total 
density of n’. Making these changes, we obtain in place 
of Eq. (16) 


> nt! (Di; ett '\(nj;J ;—n;J;) =On;/dz, (17) 
A) 


from which we can derive all our desired results. 

We derive first the condition on the flux ratio. From 
the y—1 equations in Eq. (17) we pick out the one for 
which 7=d (the diaphragm particles), and apply the 
conditions of Eq. (15) to obtain 


> {ne n' | Dia’) ett |J ;=0. 


ixd 


(18) 


For diaphragm particles which are much heavier and 
much larger than the gas molecules, the expression, 
for Dia, Eq. (6), is greatly simplified. We find p=m;, 
and oy.=r, the radius of the particles. The collision 
integral in Eq. (6) also simplifies. If the gas molecules 
are scattered specularly from the diaphragm particles, 
then Q¢"'-?*=1. If, however, a fraction f is scattered 
diffusely but elastically and a fraction 1—f is scattered 


21L. Waldmann, Z. Naturforsch. 14a, 589 (1959). Waldmann 
uses an impulse calculation rather than a Chapman-Enskog 
kinetic theory approach, but the methods are essentially equiva- 
lent for the present case. 


2 Reference 4, p. 517, Eq. (8.1-3). 
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specularly, then for this “elastic diffuse” scattering the 
collision integral is? 


ene 4f 
Qidt*=144f,. 


(19) 


If a fraction a is scattered diffusely and at the same 
time has its speeds “thermalized” so that the molecules 
are reflected from the particle with random speeds 
distributed according to a Maxwellian distribution, 
then for this “thermal diffuse” scattering the collision 
integral is 7!:°8 


( i. 1 
Q ia 1.1) * = 1+ $7 ;. 


(20) 


This latter situation seems most likely on physical 
grounds, although there is little numerical difference 
between Eqs. (19) and (20). Inserting these results 
into Eq. (18) and canceling out all constant factors, 
we obtain the general result 


>> mJ (1+40a;) =0. 


ied 


(21) 


Available evidence” indicates that a;=1 for most gases. 
(This is also consistent with the diffusion data dis- 
cussed in the previous section.) We can therefore cancel 
out the collision integral factor from Eq. (21) and 
obtain 


¥ 


Ym J ;=0, 
ixd 
which for a binary gas mixture leads to the desired 
result, Ji/J2=— (m2/m,)'. It is to be emphasized that 
this result holds for all gas pressures from the Knudsen 
region up to the normal diffusion region. 

The foregoing derivation has implicitly assumed that 
all the dust particles are the same size. This restriction 
is unnecessary, and is easily removed. If there is a 
distribution of sizes, we can write one equation of the 
form of Eq. (17) for each size, and then add all these 
equations up to obtain a single equation like Eq. (18), 
but with zoy°=7(r?), in the diffusion coefficient. The 
rest of the derivation to obtain Eq. (22) then follows 
as before. For simplicity we will carry out derivations 
from here on as if the diaphragm particles were all the 
same size, with the understanding that this restriction 
can easily be removed. 

Let us now specialize to a binary gas mixture and 
write down that one of the equations (17) which corre- 
sponds to j7=1: 

n’ (Dys") ett (mJo—n2J1) +n’ (Dra’) ete (mS a— nasi) 
=0n,/dz. 


(23) 

Substituting Ja=0, Jo=J—Ji, and n’=m+n+ng= 
n+na, we obtain after rearrangement 

' na (Dro’) ett 

n (Daya) ett 


On, ny 


n' 
[n= -E Darang tA. (24) 
n 02 n 


2 P. S. Epstein, Phys. Rev. 23, 710 (1924). 
*K. H. Schmitt, Z. Naturforsch. 14a, 870 (1959). 
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We see that this is essentially the form of diffusion 
equation we sought, namely Eq. (14), with 

Dy’) 
; yn 4. | 12 ) eft 


n (Dya' ett 


we peat mem r 

p 612°Qy9"t-) * 
where p=nkT is the gas pressure. Furthermore, sub- 
stituting from Eqs. (6) and (8), and remembering that 
the (Dj;’)etr in Eq. (24) are to be calculated on the 
basis of a total density of ’ rather than n, we find by 
comparing coefficients that 





(143901), (25) 


m2 


( dD, eff = ¥ ( 16n) (q/e) (u/2rk T)3( 1012") Qyo' 1,1) * 
+4 (1614) (q/e) (m,/2ekT)¥(mr?) (1-340). (26) 


But this is just the Bosanquet interpolation formula, 
Eq. (13), provided we write 
(Diz) ett! = + (167) (q ‘e) (u/2xrk T)3(aoy2?) Qe! 7 


Dix =48 (naq/e) (mi/2akT)* (ar?) (1+-}0a). 


(27) 
(28) 


We see that Eq. (27) is identical with Eqs. (6) and 
(8), as it should be. Furthermore, we see that Eq. (28) 
is a satisfactory expression for Dix in that it has the 
proper dependence on pressure, temperature, and molec- 
ular weight. Comparing Eq. (28) with the usual ex- 
pression Eq. (11) for Dix, we find the following expres- 
sion for the constant Ko: 


Ko"! =424 (nag/e) (1+ $a). (29) 


According to Eq. (29) a slight dependence of Ay on the 
gas is possible through the scattering factor a, although 
it is likely that no such dependence will be observed by 
virtue of all such factors being unity. 

We have thus derived all three of the results men- 
tioned at the beginning of this section. The expressions 
for 6o(p) and (D2) ef are obtained from Eqs. (25) and 
(26) for 6:(p) and (D,)etr by the interchange of the 
subscripts 1 and 2. It is important to note that 6:4 6d 
and (Dj) ett (D»)err. The only new property of the 
model (other than porosity and tortuosity) which 
appears in the final results is the group [mgr?(1+ 7a) | 
which occurs in the expressions for 6; and Dix. This 
group is probably best determined experimentally by 
measurement of Dix; that is, we use measurements of 
Dix to evaluate 6,. The explicit relation for 6;(p) in 
terms of experimentally determined quantities is formed 
from Eqs. (25), (27), and (28): 


5: (p)*=14+[ (Dw) ets/Dix ]. 
Since Dox = (m,/m2)'Dix, we find from Eq. (30) that 
62( pp)! =1+ (me/m,)*{[1(p) F'— 1}. 


In terms of the system illustrated in Fig. 2, it was 
found® that Diex =0.32 cm?/sec and Dare =0.10 cm?/ 
sec at 100°C. The value of (D2) .¢ corresponding to 2 


(30) 


(31) 
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atm (the pressure of most of the runs) was 0.00484 
cm?/sec. From Eq. (30) we thus find 64.=0.985 and 
dar=0.954 at 2 atm, and from Eq. (13) we find 
(Due) ett =9.00477 cm?/sec and (Dar) ett =0.00462 cm?/ 
sec at 2 atm. The mechanism was clearly predominantly 
normal diffusion with respect to 6; and (Dj) ets, and yet 
the ratio J;/ J». was equal to — (m2/m,)* within experi- 
mental error, as was shown in Table I. 

We may also note the pressure dependence of 6;(p) 
and (Dj) er. A plot of 6;(p) vs p rises linearly from the 
origin, bends gradually over, and reaches a constant 
value of unity at high values of p (similar to a Lang- 
muir adsorption isotherm). A plot of 1/6; vs 1/p is 
linear, as is clear from Eq. (25). Similarly, a plot of 
(Di)ete vs 1/p rises linearly from the origin, bends 
over, and reaches a constant value of Dx at high values 
of 1/p. A plot of 1/(D,)etr vs p is linear, but does not 
pass through the origin, as Eq. (26) shows. 

One final point of interest concerns the force exerted 
on the diaphragm particles by the diffusing gas mixture. 
In other words, if one of the particles came unstuck 
from the rest of the diaphragm, would it move, and if 
so in which direction? The force on such a single dust 
particle has been calculated by Waldmann.”! In our 
notation, his expression can be written (leaving out the 
porosity and tortuosity factors and setting @;=a,=0 
for simplicity) for the normal diffusion region as 


Fa=(—8r?/3) (2ekT)'C (nym + nme!) (va— J) 


+ (m— m.}) Dy(dn,/dz) |, (32) 


where Fy is the force on the dust particle and vq is its 
velocity. Substituting Dy.(dm/dz)=—(Ji—mJ) and 
Ji/J2=— (m/m,)', we find that most of the terms in 
brackets in Eq. (32) cancel out, leaving only a sort of 
Stokes’ law result: 


Fa=(—8r?/3) (2ekT)} (nym b+nem}) v4, — (33) 


so that there is no force exerted on the particle unless 
it is given an initial velocity. We may thus conclude 
that the diffusing gas mixture exerts no force on the 
porous diaphragm, a result which is physically very 
plausible (although perhaps not intuitively obvious). 


DISCUSSION 


One of the most interesting features of the present 
model is its prediction that Ji:/J2=—(m2/m)* even 
outside the Knudsen region. To the authors’ knowledge, 
this is the first satisfactory theoretical explanation of 
the flux ratio in very porous materials at high pressures. 
Many investigators,!5-*° the authors included," have 
attempted an explanation of this phenomenon by mo- 
mentum transfer arguments. It is assumed that there 
is zero net momentum transfer (zero force) to the walls 
of the porous diaphragm if no pressure gradient exists 
in the gas. This happens to be correct, as shown in the 
preceding section, but does not seem @ priori obvious. 
The previous calculations of the net momentum trans- 
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fer, however, were all incorrectly given as the product 
of the average flux and the average momentun,, i.e., 


momentum transfer = (0;) (md,) + (node) (mode). (34) 


On setting this equal to zero and noting that 0; varies 
as m;~*, one readily obtains the desired result. However, 
the momentum transfer is not given by Eq. (34), but 
is the average of the product (flux times momentum), 
1.€., 


momentum transfer 


= ( (1101) (9101) dav ( (Mare) (mere) )ay 

=NyM, (017 ay MoM (V2" ) ay. (35) 
But this corrected calculation is merely the kinetic 
theory expression for the pressure of the gas, and gives 
no new information. In fact, Eq. (34) really involves a 
subtle confusion between average speed and average 
velocity. The correct calculation of the momentum 
transferred to the wall particles by collisions is fairly 
complicated and has been given by Waldmann,”! who 
also allowed for the fact that the velocity distribution 
in a diffusing gas mixture is not Maxwellian. The 
present derivation from the kinetic theory diffusion 
equations is much simpler and also needs no assumption 
of zero force on the diaphragm. 

Another interesting feature of the present model is 
its ability to cover the transition region between the 
Knudsen and normal regions. So far as we know, this 
is the first time it has been possible to give a rigorous 
theoretical treatment of the entire transition region. 

One fundamental question remains unanswered 
however: Under what conditions of pore size and/or 
gas pressure does the present model start to fail? As the 
pore size becomes larger and larger with respect to the 
mean free path, the flux ratio should depart from the 
value (m»/m,)! and tend towards the value mo/m, 
which was derived in Eq. (3) on the basis of negligible 
gas-wall interactions. Experiments with capillaries of 
diameters of a few tenths of a millimeter have given 
results corresponding to a flux ratio intermediate be- 
tween these two values.'? It is therefore clear that the 
model probably fails when the pore size or capillary 
diameter becomes very much larger than the mean free 
path, but we have at present no detailed information. 

Finally, some mention should be made as to the 
method of analyzing experimental measurements to 
determine values of diffusion coefficients. For a given 
gas pair and porous medium, the two quantities 
(Diz) err and Dix (or Dox) completely characterize the 
system. If Dj»: is also known, then the porous medium 
alone is completely characterized in terms of the 
groups (e/g) and [mg?(1+37a) ]. One should then be 
able to predict, with confidence, the diffusion behavior 
of a number of different gas mixtures in the same 
medium on the basis of a set of experiments involving 
a single gas mixture. 


WATSON, 


AND MASON 

The model itself gives no quantitative characteriza- 
tion of the porous medium, but treats the groups 
(e/g) and [nur?(1+ 42a) | as constants to be found by 
experiment. It is therefore important to discuss the 
determination of (Di) et: and Dix. If one can be sure 
that the measurements refer either to the pure Knudsen 
or the pure normal diffusion region, then the integration 
of Eq. (14) for the steady state with 6(p) equal to 
either zero or one is straightforward, and yields an 
algebraic equation from which one of the diffusion co- 
efficients can be calculated. It is presumed that the 
quantities J;, x,(0) and «,(1) are measured as indi- 
cated in Fig. 1). Probably Jz should also be measured 
as an experimental check, to see if Eq. (13) is followed. 
Unfortunately, it is not always easy to tell whether 
measurements are in the pure Knudsen or pure normal 
diffusion region, especially since the ratio Ji/J: is no 
indication. Many experiments are thus likely to be at 
least partly in the transition region, whether this is 
desired or not. 

In such a case it is still possible to integrate Eq. (14) 
for the steady state. Let us pick as our two unknowns 
not (Dy) ers and Dix, but (Dis) er: and their ratio, 

A,= (Dy) ett/Dik, (36) 
which varies as 1/p. Integrating Eq. (14) for the 
steady state and using Eqs. (12), (13), and (30), we 
obtain 


Ji= : (37) 
BL (1+A,;) —6x,(0) 


n(Drs)ett , Feseeee 4 
ee > 


where n=p/kT, L is the thickness of the porous dia- 
phragm, and 

B=1—(m,/m)}. (38) 
If J; is measured as a function of pressure, then Eq. 
(37) shows that at sufficiently high pressures J; will 
be a constant (since A,;-0 as p> ©). If measurements 
can be made at sufficiently high pressures for J; to 
reach this asymptotic value, (Dy2) err can be calculated 
directly; then A; and hence Dix can be calculated from 
one measurement in the transition region. At very low 
pressures, on the other hand, J; is directly proportional 
to p (since A; ~ as p—>0), and Dix can be calculated 
from the proportionality constant; (Dis) ers can then be 
calculated from one measurement in the transition 
region. If it is not possible to make measurements at 
either sufficiently high or sufficiently low pressures, 
and all measurements are made in the transition region, 
then Eq. (37) can be solved simultaneously for the two 
constants p(Diy) ers and pA; if measurements are made 
at two or more pressures. If measurements are made at 
a number of pressures in the transition region, the two 
constants can be found by a successive approximation 
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least-squares procedure® (the usual least-squares pro- 
cedure does not work because Eq. (37) is not linear in 
the constants to be found). The mathematical analysis 
of measurements in the transition region is therefore a 
little more involved than in the Knudsen or normal 
regions, but is not difficult in principle. 


2% W. E. Deming, Statistical Adjustment of Data (John Wiley & 
Sons, Inc., New York, 1943). 
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A High-Resolution Study of CO, Absorption Spectra between 15 and 18 Microns* 


RosBert P. MADDEN 
Laboratory of Astrophysics and Physical Meteorology, The Johns Hopkins University, Baltimore 18, Marylandt 
(Received May 15, 1961) 


A study has been made of the absorption due to individual lines and Q branches of CO bands in the 15- 
to 18-4 spectral region. The strengths and widths of absorption lines on the low-frequency side of the v2 
fundamental band and in the 02°0—01'0 band of CO,"* have been measured. In the latter band the varia- 
tion of line strength and width with J has been determined as well as the Coriolis interaction parameter. 
The strengths of five other bands of C”O,'* have been determined from measurements on their Q branches, 
and the strengths of the vz fundamental bands of the isotopes CO," and O%C”0"* have been estimated. The 
rotational structure of the v2 fundamental Q branch for CO," is partially resolved, and the band constants 
determined. The »2 fundamental band head of the O8C”O" isotope is reported. 

The spectra were taken in 1956 after construction of the large infrared spectrometer at the Laboratory 
of Astrophysics and Physical Meteorology, The Johns Hopkins University. This f/6 spectrometer utilizes 
3-in. long curved slits and a 14- by 12-in. grating in a Fastie-Ebert mounting. It is demonstrated that this 
instrument has available an optical slit width of 0.06 cm~ at 17 yu. 


I. INTRODUCTION 


STUDY of the CO, band strengths at elevated 

temperatures on the high-frequency side of the 
ve fundamental at 667.4 cm! has been made by 
Kostkowski.!? 

Several investigators*-* have measured the total ab- 
sorption of CO, in the 13- to 18-~ spectral region under 
various conditions. More recently the total strength of 
all the CO, bands in the 15-u region was determined by 
Kaplan and Eggers® using the “curve of growth” 


* This work has been supported by the Office of Naval Research. 

+ Present address, Physics Research Laboratory, U. S. Army 
Engineer Research and Development Laboratories, Fort Belvoir, 
Virginia. 
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method and by Overend e? al.'° using the “Wilson- 
Wells-Penner-Weber” method. The last two investi- 
gations agree on a value of 240 cm~ atm™ for the total 
strength of all the bands in this region. No study of the 
strength of individual absorption lines has previously 
been made in the 15- to 18- spectral region. In fact, 
none of the above investigations allow the determina- 
tion of the strength of individual bands in this region. 

The principal objective of this investigation has been 
the determination of line and band strengths and line- 
widths for CO, absorption in the 15- to 18-p region. 
Rossmann ef al."-2 have measured the wavelength 
positions of most of the lines in this region with good 
accuracy, and their wavelength values appear in the 
tables, with the exception of the position of the 01'0— 
000 band head of the O'°C”O" isotope, and the positions 
of the Q branch lines for the 01!0—000 band of C”O,'*, 
which are reported here for the first time. The wave- 
length measurements of Rossmann ef al. have been 
used as a calibration for these determinations. 

The observed widths of the absorption lines in this 
spectral region, for the pressures used in these experi- 

0 J. Overend, M. Youngquist, E. C. Curtis, and B. L. Craw- 
ford, J. Chem. Phys. 30, 532 (1959). 

1K. Rossmann, K. Narahari, K. N. Rao, and H. H. Nielsen, 
J. Chem. Phys. 24, 103 (1956). 


2K. Rossmann, W. L. France, K. N. Rao, and H. H. Nielsen, 
J. Chem. Phys. 24, 1007 (1956). 
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Fic. 1. Optical diagram showing a central ray traced through 
the large infrared spectrometer at the Laboratory of Astrophysics 
and Physical Meteorology, The Johns Hopkins University. This 
f/6 instrument utilizes 3-in. high slits and a 14-in. wide by 12-in. 
high grating in a Fastie-Ebert mounting. 


ments, may be considered as caused only by collision 
broadening. Adel!® has determined an upper limit of 
0.12 cm for the average self-broadened half-width of 
the CO, absorption lines in the v2 fundamental band. 
The average self-broadened half-width for the 2077 
cm band of CO: was determined by Benedict and 
Silverman" to be 0.075 cm~. Kostkowski! determined 
the average self-broadened half-width for the peak of 
the R branch of the 961 cm™ band to be 0.084 cm™. 
The linewidths given in the results of this study were 
determined from actual measurements on individual 
lines. The most accurate determination of linewidths 
is in the 02°0-01'0 band of C”O,'* where no previous 
measurements have been made. 


II, EXPERIMENTAL DISCUSSION 


High resolution is necessary to make measurements of 
strength and width on individual absorption lines, and 
to reduce the uncertainty in band strength determina- 
tions caused by the overlap of different bands. The large 
infrared spectrometer of the Laboratory of Astro- 
physics and Physical Meteorology has available the 
highest resolution yet attained in the 15- to 25-u 
spectral region. 

An optical diagram of this instrument, the construc- 
tion of which was completed in 1956, is shown in Fig. 1. 
The f/6 spectrometer utilizes a 30-in. Ebert mirror, 
3 in. high slits curved on a 15 in. circle, and a high- 
quality grating with a ruled area 14 in. wide by 12 in. 
high. The 1000 lines/in. ruling was performed under the 
direction of Dr. Babcock of Mount Wilson and Palomar 








- 5 liad ‘ 
eles eal: Maal candi l a _\A 

Sos 594 
Fic. 2. A scan of the absorption due to the J’’=4, 5 lines in 
the R branch of the 17-4 band of N:O which demonstrates the 
ultimate single-pass resolution of the monochromator. The optical 
slitwidth deduced from this scan is 0.06 cm™ which is only 12% 
greater than the value expected theoretically for slits equal to the 

diffraction pattern width. 


13 A, Adel, Phys. Rev. 52, 53 (1953). 


4 W. S. Benedict and S. Silverman, Phys. Rev. 94, 752 (A) 
(1954). 
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Observatories in a 13- thick silver film evaporated 
onto a glass blank.” The grating figure is estimated to 
be A/20 at 20u. 

The spectrum is scanned by rotation of the grating 
using a sine drive technique to obtain a linear varia- 
tion of wavelength with time at the exit slit. The 15- 
to 25-u spectral region is isolated through the use of 
several reststrahlen reflections from MgO crystals. An 
image-slicing device is used at the exit slit to chop the 
3-in. high slit into three 1-in. segments which are 
imaged on the }-in. diam entrance window of a Golay 
detector using an elliptical mirror. A similar image- 
slicing device is used at the entrance slit when it is 
desired to illuminate the entrance slit with a carbon arc 
source. 

The resolution attainable from this high-flux spec- 
trometer was tested by observing individual absorption 
lines of NoO in the 17-u band. R branch lines with 
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Fic. 3. Spectral scans showing the absorption due to HO and 
CO, in the 15-m optical path of the spectrometer before and 
after overnight circulation of the spectrometer atmosphere 
through a dessicant and KOH pellets. The »: fundamental Q 
branch of CO: and the double water line at 592 cm™ represent 
the strongest absorption of these gases encountered in this study. 


J'’=4, 5 are shown in Fig. 2. Hot band satellite lines 
can also be seen. For this test the slits were set equal to 
the width of the theoretical central diffraction maxi- 
mum, and a carbon-arc source was used. The observed 
linewidths, as shown in Fig. 2 are 0.08 cm™. A correc- 
tion for the actual linewidths leads to an effective 
optical slitwidth for the spectrometer of 0.06 cm”. 
This represents 70% of the theoretical limit of resolu- 
tion for the grating at this angle, and compares favor- 
ably with the 80% expected theoretically (for slits 
equal to the diffraction width). Since the signal-to- 
noise ratio demonstrated in Fig. 2 is at the limit of 
usability, it would appear that this infrared spectrom- 
eter has the distinction of reaching the theoretical limit 
and the energy limit to resolution simultaneously. 

In the present study a Globar source was used and 
an optical slitwidth of 0.1 cm~. The spectrometer is 
enclosed in a copper housing and the CO, and H,O are 
removed from the 15-m optical path of the spectrom- 
eter by circulating the air through KOH pellets and a 
dessicant (Linde Air Products’ Molecular Sieve). 


1 R, P. Madden, J. Opt. Soc. Am. 45, 408 (A) (1955). 
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Fic. 4, CO: absorption spectra 
from 619 to 674 cm“. The spectra 
were obtained with an optical slit- 
width varying between 0.10 and 
0.11 cm™ in a 25-cm absorption 
cell at the pressures shown and a 
temperature of 300°K. The un- 
marked lines are easily identified 
by considering the identity of the 
marked lines. 


ABSORPTION SPECTRA 














Figure 3 demonstrates the effectiveness with which the 
H.O and COs are removed. 

Four absorption cells of lengths 0.1994, 1.133, 5.08, 
and 25.17 cm were used in this study. The gas content 
of the absorption cell in use could be controlled from 
outside the spectrometer housing. The pressure was 
determined from two Hg manometers, and a thermo- 
couple attached to the absorption cell gave a constant 
check on the gas temperature. The cells were filled to 


prescribed pressures with commercially pure CO.—all 
measurements reported here pertain to self-broadened 
COs. 


II. SPECTRA 


It would be impractical to include here all the spectra 
from which measurements were taken. The tables in- 
clude the results from all measurements, but only 
representative spectra are shown. Figures 4 and 5 con- 
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Fic. 5. CQO: absorption 
spectra from 544 to 619 


cm, The spectra were ob- 
tained with an optical slit- 








tain spectra of the entire range of study in these experi- 
ments, using the 25-cm absorption cell with the pres- 
sures indicated. Each vibrational transition is indicated 
at the band head, and the P and R branch lines are 
labeled according to the J quantum number of the 
lower state and the convention given in Table I 

The CQ, spectra shown here were taken with a 


width varying between 0.09 
and 0.10 cm™ in a 25-cm 
absorption cell at the pres- 
sures indicated and a tem- 
perature of 300°K. The 
unmarked lines are easily 
identified by considering 
the identity of the marked 
lines. 


030 - 100 
Q branch 





spectral slitwidth of ~0.1 cm~', which is the highest 
resolution with which it has been measured in this 
region. Therefore, more lines are distinguishable and a 
better identification of satellites is possible than was 
previously possible. 

Figure 6 is a scan of the 01'!0—000 Q branch with 
higher dispersion. The Q branch line positions are 





CO, 


TABLE I. Letter notation used in this paper to refer to the bands 
studied. 








Lower state 


” 
(U1, v2, v3) 


Upper state 
(v, v2", v3)’ 





A,a_ : R,P branch 
B,b : R,P branch 
Cie : R,P branch 
K,k : R,P branch 
Ff : R,P branch 
: R,P branch 


C#0,* O10 


0270 01'O 


02°0 01'0 


03'0 02°0 


03'0 02°0 


C#O,!6 (tra 01'0 000 


marked. The frequencies of the clearly observed Q 
branch lines together with the constant (B’—B’) 
they define, are given in Table LI. 

From a study of these spectra it is obvious that a 
considerable portion of the spectral range is crowded 
to the extent that measurements on individual lines 
would be difficult. Therefore measurements were not 
made on all lines. Three regions were selected for con- 
centrated study: 660-667, 625-630, and 598-613 cm“. 
These regions were selected for the following reasons: 
(a) the principal lines in these regions involve less over- 
lap; (b) lines of low, medium, and high J occur; and 
(c) the strengths of the lines occurring in these regions 
allow convenient-sized absorption cells to be used. 

These three regions of greatest interest are shown in 
Figs. 7-9. In each case a scan for each of the absorption 
path lengths used is represented. The scans in Figs. 7 
and 8 were taken with considerably greater dispersion 


IV. ANALYSIS OF THE SPECTRA 
A. Definitions 


The quantities to be obtained from the spectra are 
line and band strengths, and line half-widths. These are 
defined below. 

The line strength per atmosphere, S°, at 300°K is de- 
fined as 

= $/P 
where 


Q C#7Oe (!'-0)}, Q  bronch 
A C#O, (I'-0), RR branch 
8 080s 2+), R bronch 


048 O50 O52 O54 O56 O58 O60 O62 O84 
es | |e 
i | 


£<25cm 
Pe252mmHg 








Fic. 6. CO, absorption spectra in the region from 667 to 672 
cm™, shown with greater dispersion than in Fig. 4. The spectra 
were obtained with an optical slit of approximately 0.11 cm™ at 
the indicated cell lengths and pressures and a temperature of 
300°K. The v2 fundamental Q branch lines are clearly resolved 
and are indicated. The positions of these lines are given in Table IT. 
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k, is the absorption coefficient for that line alone, and 
P is the pressure in atmospheres at 300°K. (.S° has the 
dimension cm~? atm7!.) 


The band strength, S,”’, is given by 
Sut = DS, 


where the sum is over all lines in the band. It has been 
shown that S,-” is related to the vibrational transition 
moment for CO, by 


(2) 


_ 8 Nol 1—exp(—hvy/kT) ]| Rev” ?Gexp(— Ey/kT) 
ze 3hcQ, 
3) 





where R,-” is the vibrational transition moment, .Vo is 
the molecular density at l-atm pressure and 300°K, G 


TABLE IT. Line positions* and band constants> determined for the 
Q branch of the 0110-000 transition of C#O2"*, 


v observed® 
Line cm!) 


668 .91 
40 669.07 


038 


669.27 
670.46 


670.68 


® These line positions have been Sted by the following equation: 
v=667.40+ (B’—B”’) J (J +1) +(D’—D") J2(J+1)2. 
> The resulting band constants are: 
B’—B"'=(10.17+0.10) X1074 cm™ 
D’— DD" = (0.3240.30) X10-§ cm=?. 


© These frequencies were determined relative to the position of R branch 
lines J’’=2, 4 as determined by Rossmann, ef a/.11"!2 


is a weight factor the value of which depends on the 
vibrational transition (for CO. with identical oxygen, 
G is 1 for transitions between states one of which is a 
state and 2 for all other transitions), vo is the fre- 
quency of the band origin, 


Q.= dogo exp(— Ey /kT), 


and gy (weight of lower state) is 1 for = states and 2 
for all other states. 

The half-width y (one-half the width of the absorp- 
tion coefficient curve measured at a height equal to 
one-half the maximum value of the absorption coeffi- 
cient for that line) is proportional to pressure in the 
range used and so the half-width corrected to atmospheric 
pressure y° at 300°K is defined as y°=y/P, where P is 
the pressure in atmospheres at 300°K. (y° has the 
dimensions of cm™! atm™!.) 
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Fic. 7. CO: absorption spectra between 660 and 667 cm~ showing an example of the spectrum obtained for each of the absorption 
path lengths used. The principal lines in this region are low J lines in the R branch of the v; fundamental band. Note that the back- 
ground lines become relatively more prominent as the absorption path length is increased. 


Finally, the equivalent width corrected to atmospheric 
pressure at 300°K is defined as 


W=W/P, 


w=[Ad, 


and P is the pressure in atmospheres at 300°K. Here 
the integration must begin and end in regions of zero 
absorption if the definition is to be useful. When this 
condition is satisfied, the W observed is independent 
of the slitwidth of the spectrometer. (W® has the di- 
mensions cm~! atm=!.) Ladenburg and Reiche'® have 
demonstrated that if W® is obtained from the absorp- 


(4) 


where 


16 R, Ladenburg and F. Reiche, Ann. Physik 421, 181 (1911). 


tion due to a single Lorentz line, it is related to S°® and 
y° for that line by 


W°=2ryF (x), (5) 


where 
x= S%/2ry? 


and F(x) (called the Ladenburg-Reiche function) = 
xe~*[Io(x) +i(x) ], where Jo and J; are Bessel func- 
tions of imaginary arguments. 

The two limiting cases are of interest, 
(6) 


limF (x) =x (“linear” region) 
x0 


and for «> >0, 


F(x) = (2x/m)} (7) 


(“square-root” region). 
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Fic. 8. CO, absorption spectra between 625 and 630 cm™ showing an example of the spectrum obtained for each of the absorption 
path lengths used. The principal lines in this region are high J lines in the R branch of the vz fundamental, and low J lines in the P 
branch of the 02°0—01'0(C) band. The upper scan was taken with a somewhat longer time constant than the others. 


The curve of W° vs / is called the “curve of growth.” 
A graphical technique has been developed” by which 
S® and y° are determined from a comparison of a 
logW® vs log/ curve with a logF (x) vs logx curve (here 
called the L—R curve). This will be referred to as the 
graphical ‘‘curve of growth” method. 

The following is a discussion of the methods by which 
the data were reduced. A band-by-band treatment 
would be unduly repetitive and instead the discussion 
is organized according to the three principal spectral 
regions of interest. The results are summarized later in 
tabular form. In the following, the methods used to 
treat the P and R branch lines are considered for these 
three spectral regions in turn, followed by a discussion 
of the treatment of the various Q branches observed. 


B. 660-667 cm~ Region 


The principal lines in the 660-667 cm™ region are the 
lowest J lines belonging to the P branch of the funda- 


17W. S. Benedict, R. Herman, G. E. Moore, and S. Silver- 
man, Can. J. Phys. 34, 840 (1956). 


mental (01'0—000) band. These are denoted a2, a4, 
a6, and a8. In addition, many weaker lines occur. In 
Fig. 7 a scan is shown of this region for each of the 
absorption path lengths used. This region is the only 
one for which the 0.2-cm cell was used. This short cell 
was required to obtain near-linear region absorption for 
these strong lines. The absorption due to the Q branch 
of the fundamental band for the O8C”O" molecule can 
be seen beneath the line a6. The experimentally deter- 
mined band head frequency is 662.39+0.05 cm™. 
Because of the interference of this isotope band, the 
absorption data on line a6 were not fully analyzed. 
The 1-, 5-, and 25-cm absorption-cell data on a2, a6, 
and a8 were obtained at low enough pressures so that 
the overlap corrections were not very large. However, 
pressures up to 1 atm were used in the 0.2-cm cell and 
the overlap problem was more serious. In particular, 
the overlap of the fundamental Q branch tail on the 
line a2 prevents a satisfactory analysis of the absorp- 
tion due to a2 at 1 atm. 

The strengths and widths of the lines a2, a4, and a8 
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Fic. 9. CO: absorption spectra between 598 and 613 cm™! showing an example of the spectrum obtained for each of the absorption 
path lengths used. The principal lines in this region, relatively free from overlap, are the medium J lines in the P branch of the 02°0— 
01'0(C) band. 


were derived from the spectra by the graphical “curve 
of growth” method, and by direct measurement on the 
high-pressure scans. The equivalent width of each of 
these lines was measured at each of the four absorption 
path lengths, with the exception of line a2 with the 
0.2-cm path length. From these equivalent widths, the 
values of W° were calculated, corrected for overlap, and 
logW° was plotted against log/. The fit of the data to 
the L—R curve [logF(«) vs logx ] is shown in Fig. 10 
for line a4. The “linear” region asymptote and the 
“square-root” region asymptote, also indicated in Fig. 
10, are useful in deducing S® and 7° by the graphical 
curve of growth method.” In particular, the value of 
W°® read frem the graph at the intersection of the 
“linear” region asymptote with the “square-root” 
region asymptote is equal to 4y°, while the value of 
W* at the intersection of the “linear” region asymptote 
with the vertical line /=1 cm is equal to S°. S® and y° 
were obtained from such graphs for the lines a4 and a8. 

The product S°y° was derivable from the values of 
equivalent width for the longer absorption path lengths. 
It has been shown,” that near the “square-root” 


region an approximate relation between S°, y°, and 


W? is 
W= 2(S%1)4(1— 4a) 


(error less than }% for x>3.5) (8) 

Since the S°y° products determined in this way are 
not dependent on measurements of linear region ab- 
sorption, these products were also determined for the 
lines a4 and a8 and combined with the direct measure- 
ments of S° and 7° to give increased reliability to those 
values. 

In making direct measurements of line strength and 
width, only the spectra taken at 1-atm pressure were 
used. Therefore, corrections due to the smearing of the 
spectrum by the spectrometer are small since at 1-atm 
pressure the widths of the absorption coefficient curves 
are considerably larger than the optical slitwidth (ap- 
proximately 0.11 cm™ at this frequency). The log- 
arithm of the transmission curve was calculated and 
Sops? for each line obtained by integration. The 7ops° 
was obtained by direct measurement. The appropriate 





CO, 


corrections for the “‘smearing” effect of the finite spec- 
trometer slit have been calculated by Kostkowski and 
Bass.'* The best averages of the various determinations 
of S°® and y° for a4 and a8 are given in Table III. The 
product S°y° for the line a2 is 0.051 cm™ atm. 

The values of W° for the lines 68 and 69 were deter- 
mined from the spectra taken with the 25-cm absorp- 
tion cell. Equation (8) was used to determine S°y° for 
68 and 69. If the assumption is made that 7° for 68 and 
69 is equal to 7° for a8, the ratio of S° for b8 and 59 to 
S° for a8 may be determined. [In a similar manner, the 
strength of 634+035 (see Fig. 4) was determined rela- 
tive to the strength of a34. | These results are tabulated 
in Table III. 


C. 625-630 cm™ Region 


The second region studied, from 625 to 630 cm“, 
contains many closely spaced lines as shown in Fig. 8. 
P branch lines of the A, K, and @ bands and R branch 
lines of the C band occur predominantly. Also P 
branch lines of the B band and R branch lines of the 
F band occur weakly. 

The equivalent widths of a50, 52, 54, 56, and C9, 
11, 13, were measured for pressures from 0.05 to 1 
atm, and an average W® calculated for each line for 
each absorption path length. Small corrections were 
made on these values of W® for background. These 
corrections averaged only a few percent, and the 
largest was 8%. 

Due to the weak absorption, overlap, and the correc- 
tions necessary, the values of W° for lines in this region 
obtained with the 1- and 5-cm path lengths have con- 
siderable uncertainty. To increase the accuracy ob- 
tained by the graphical ‘curve of growth” method, the 
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Fic. 10. Log W° (equivalent width corrected to 1 atm at 300°K) 
plotted against log/ (absorption path length) for the line J’ =4 
in the P branch of the vz fundamental band. The data are plotted 
as circled points, while the solid curve shows the “fit” of the 
data to the Ladenburg-Reiche curve [F (x) vs x, see Eq. (5). 
The straight lines define the “linear” and “square-root” asymp- 
totes to the Ladenburg-Reiche curve. 


8H. J. Kostkowski and A. M. Bass, J. Opt. Soc. Am. 46, 1060 
(1956). 

In Table III, the strength of b34+035 is divided into a 
contribution from each line assuming a Boltzmann distribution 
with a rigid-rotor model. 
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Fic. 11. Experimental values of line strength (S°) plotted as 
a function of J” for the P branch of the 02°0-01'0 (C) band. 
The data were obtained from direct measurements (integration 
over the absorption coefficient) as well as by the “curve of 
growth” technique. The solid line merely indicates the trend of 
the data. X Determined by “curve of growth” method; © cor- 
rected direct measurements. 


data for a50, 52, 54, and 56 were plotted together for 
a single comparison to the L—R curve. Two assump- 
tions are necessary for this step. The first is that the 
value of y° is the same for all four lines. The second is 
that the ratios of the line strengths are known. Here 
the theoretical ratios were assumed for a Boltzmann 
distribution with a rigid-rotor model. For a few adja- 
cent high J lines these assumptions are expected to be 
quite good. The data are plotted as logW® vs log S%, 
where S° for each line is given in units of 5°50. Thus 12 
points instead of three determine the fit of the data to 
the L—R curve. y’? (assumed the same for all lines) is 
obtained from the curve and the value of S° for @50. 
S°® for the other lines is determined by the theoretical 
ratios. This method was also used to plot data for the 
lines C9, 11, and 13 of the R branch of the (02°0— 
010) band. Here the assumptions regarding y’ and 
the ratio of the strengths seem valid if one considers 
the expected values estimated from measurements in 
this study of y° and S° in the P branch of the C band. 

The values of S° and y° determined for the lines in 
this region are included in Table III. 


D. 598-613 cm“ Region 


This region of the spectrum is shown in Fig. 9. The 
only strong lines present are the c7—c25 lines of the 
02°0—01!0 band P branch. (The F band lines occuring 
here are only 2 or 3% as strong as the C band lines 
and a correction for their effect is easily made.) Here, 
pressures up to 1 atm do not cause serious overlap, 
and S° and y° were determined for these lines by direct 
measurement as well as by the curve of growth method. 
These are the most accurate S° and y° values deter- 
mined in this study. 

Direct measurements were possible with only small 
corrections, since the width of the absorption coefficient 
curve at a pressure of 1 atm is over twice the optical 
slitwidth of the sf yectrameter. The logarithm of the 
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TABLE III. Strengths and half-widths of individual lines determined in this study. 








S° at 300°K 


(cm? atm”) 


y° at 300°K 
(cm atm!) 


Estimate of 
uncertainty 


Estimate of 
uncertainty 





.00 
.106 
.24 
.140 
.105 
.095 
. 143 
.0750 
101 
.0695 
.0704 
.0613 
.0481 


.0692 
.0656 
.0614 
.0568 
0.0522 


transmission curve was calculated for four runs with 
the 1- and 5-cm absorption cells where the pressure was 
between 0.8 and 1 atm. Then y.,s was measured directly, 
and S,»s; was obtained from the integral of the log7T 
curve for each line. The appropiate corrections for the 
‘‘smearing” effect of the spectrometer slit were made. 
Corrected values of S° for each line obtained by direct 
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Fic. 12. Experimental values of =*ne half-width (7°) plotted as 
a function of J” for the P branch of the 02°0-01!0 (C) band. 
The data shown were obtained from directly measured widths by 
the “curve of growth” method and from strength-width products 
(S°y°) determined from “square-root-region’” measurements 
combined with the best determinations of line strength (.S°). The 
solid curve represents the average trend of the data. © Average 
of corrected direct measurements; X determined by curve of 
growth method; © determined from S°y° for 25-cm cell; --- 
kinetic theory value. 


6% 0.126 


10 


9% 
9% 
9% 
9% 
9% 
9% 
9% 
15% 
15% 
12% 
10% 
10% 
10% 
10% 
10% 
12% 
15% 


measurement are plotted as circled points in Fig. 11 
and the corrected values of y° are plotted as circled 
points in Fig. 12. 

The equivalent width of each line ¢7 was 
measured for the 1-, 5-, and 25-cm path lengths for sev- 
eral runs with pressures varying from 0.2 to 1 atm. 
The resulting values of W° were smoothed by plotting 
W° vs J for each path length and drawing a smooth 
curve through the experimental points. LogW® 
(smoothed) was plotted against log/, and S° and y° 
for each line was determined by the graphical curve of 
growth method. The resulting values of S® are plotted 
as x’s in Fig. 11, where they may be compared with the 
results of the corrected direct measurements. The 
values of y° for these lines obtained from the L—R 
curve are plotted as x’s in Fig. 12. Here they may be 
compared with the directly measured half-widths and 
also with values of y° determined from the best experi- 
mental values of the line strengths and the S°y° prod- 
ucts obtained from the data using the 25-cm absorption 
cell. Also appearing in Fig. 12 is the value of half- 
width determined from kinetic theory—which merely 
indicates the magnitude by which the optical collision 
diameter exceeds the collision diameter calculated 
from viscosity and conductivity measurements.” 


G29, 


2 A handbook value of d=3.310-§ cm was assumed for the 
kinetic collision diameter. 
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Taste IV. Measured values of Q branch strength. 





Letter v 


Isotope notation (cm™) 


Transition 








662.39 
648.52 
647.02 
618.03 
597.29 


OCLON 
30,16 
C2XO,'6 
C2O,'8 
C2O,16 
C2O,'6 


010-000 
0110-000 
03!0-02°0 
02°0-01'0 
0310-0270 
030-100 


E. Q Branch Measurements 


The Q branch strengths of six bands were determined. 
In the discussion below, they will be grouped according 
to the method used to reduce the data. 

The Q branch of the 03'0—100 band at 544.26 cm™ 
is weak and is free from overlap with other bands. The 
“linear region” approximation [Eq. (6) ] was used to 
determine the strength of this Q branch. The value 
obtained is given in Table IV. 

The Q branch strengths of the 02°0—01'0 transition 
(C band) and the 03'0—0270 transition (F band) were 
determined by the method of Wilson and Wells.”! For 
each band, 


[c- InT) dv 


was evaluated at severai conditions of path length and 
pressure and S® determined by extrapolation to zero 
path length, as shown in Fig. 13 for the C band. Here 
the extrapolation yields the strength of the Q branch 
plus the strength of the line cl and weak lines of several 
other bands that are well surrounded by the Q branch 
structure. The C band Q branch strength given in 
Table IV was determined from the extrapolated value 
by making small theoretical corrections for these over- 
lapping lines. 

The F band Q branch measurement was a much more 
approximate procedure. Before the method of Wilson 
and Wells could be applied, it was necessary to remove 
the effect of line c27 from the absorption due to the 
FQ branch. This was done by first reconstructing the 
c27 line as it would appear in the absence of the FQ 
branch. It was assumed that the absorption due to ¢27 
was equal to the average value of absorption for the 
lines ¢25 and ¢29 which could be clearly observed. After 
constructing the c27 line, the difference between the 
constructed and observed absorption was assumed to 
be due to the FQ branch, and the method of Wilson 
and Wells was pursued. The resulting Q branch strength 
is included in Table IV. 

The remaining three Q branches are nearly buried 
beneath P branch lines of the fundamental A band, 


21E. B. Wilson, Jr. and A. J. Wells, J. Chem. Phys. 14, 578 
(1946). 


544.26 





S° of Q branch (cm™ atm™) 
Weak 


absorption 
method 


Wilson 
and Wells 
method 


Elsasser 
band 
method 


Estimate of 
uncertainty 


0.50 





35% 
1.07 25% 
0.52 30% 
1.86 1% 
0.0725 12% 
10% 


and are also overlapped with lines of the B and C 
bands. An accurate determination of their strengths 
cannot be made by direct measurements; however, a 
rough value was obtained using the following technique. 
First an estimate was made of the absorption due to the 
Q branch as a function of ». From the band constants, 
the spacing of the Q branch lines was calculated at 
different frequencies, at intervals greater than the 
spectrometer slit function width. At each frequency 
for which the line separation had been calculated it 
was assumed that the spectrometer saw an Elsasser 
band,” and S° for the average strength line being 
passed by the spectrometer was calculated by the 
Elsasser formula.” A y° of 0.11 cm! was assumed for 
the calculation. For each of the line strengths thus 
determined, a Q-branch strength may be calculated if 
a distribution is assumed for the Q branch. Here a 
Boltzmann distribution with a rigid-rotor model was 
assumed. The Q-branch strengths for the K band and 
the isotopic @ band were determined in this manner, 
and the results are given in Table IV. The Q-branch 
strength of the 01’/0—000 transition of the O8C"O" 
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Fic. 13. Extrapolation of experimental data by the “Wilson 

and Wells” technique to determine the strength of the Q branch 
of the 02°0-0110 (C) band. The ordinate value at P/=0 is the 
strength in cm~* atm™, but in this case a slight correction must 
be made for the presence of background lines to obtain the Q 
branch strength. The result is given in Table IV. 


22 W. M. Elsasser, Phys. Rev. 54, 126 (1938). 
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lic. 14. Two choices of theoretical distribution of line strength 
with J” fitted to the average experimental data for the P branch 
of the 02°0-01'0 (C) band. Equation (9) multiplied by factor 
10) was used for the calculation. This curve fitting determines 
the Coriolis interaction parameter ¢ for the band. 


isotope was also estimated by this method. In this 
molecule the oxygen atoms are not identical, and the 
fundamental Q branch has two series of lines as a result 
of / doubling. Since the even J series diverges more 
rapidly, it makes the major contribution to the absorp- 
tion in the wing of the Q branch. The measurements 
were made in the wing of the Q branch, and an esti- 
mated correction of 30% for the contribution of the 
odd J series was made after the reduction. The resulting 
value of Q-branch strength is found in Table IV. 


V. DISCUSSION OF RESULTS 
A. Introductory Comments 


The primary results of this study are the values of 
S° and y°® determined for the lines listed in Table ITI, 
and the Q-branch strengths listed in Table IV—also 
the results in Table Il. The methods by which these 
parameters have been determined from the spectra 
have been discussed, and an estimate of the uncertainty 
in these results is listed for each value in the tables. 
Except for the overlap problem in the case of several 
of the Q-branch strength determinations the most im- 
portant source of uncertainty was the lack of repro- 
ducibility of the quantities derived directly from the 
spectra due to the noise fluctuations. 

These primary results can not be compared with other 
experimental values since no other study of the 
strengths and widths of individual lines has been made 
in this spectral region. It is, however, of great interest 
to compare the experimental distribution of strength 
and width of the lines within a band to the distribution 
predicted by a theoretical model. This comparison is 
best made for the 02°0—01'0 transition (C band) 
since the most accurate and comprehensive data were 
obtained for this band. 


B. J’’ Dependence of Line Strength 


In a first attempt to compare the experimental line 
strengths of the C band with theory, the rotational 
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distribution was calculated assuming a Boltzmann 
distribution with a rigid-rotor model. It has been 
shown’ that this distribution for CO. is given by 


aided So” F J”) (1-exp(—hv/kT) ] 
Oy Et exp(—Aa Tt) 


Xexp(— Ey /kT); (9) 


where Sy", S,” have been defined, Fy) is a function 
of J” which differs for the P, Q, and R branches and 
depends on the vibrational transition. 

For the P branch of the C band, Fy.) =3(J’’+1), 
vo is the frequency of the band origin, 


[1i— exp(—hv/kT) ] 


is the induced emission term, and exp(— Ey/kT) is 
the Boltzmann factor. 
Qy= >> (2J"+1) exp(— Ey"/kT) 
gu 
is the rotational partition function. 

The value of S,"’ was adjusted to give the most 
favorable fit of this distribution to the data, and the 
result can be seen in Fig. 14. Here the best average 
experimental values (taken from Fig. 11) are plotted 
as circled points, while the theoretical curve for Sy” = 
3.84 cm™? atm™ is shown as the dashed curve. The 
experimental points show a consistent deviation from 
the calculated distribution suggesting a refinement of 
the theoretical distribution. Benedict** has shown that 
a consideration of the Coriolis vibration-rotation inter- 
action leads to a formula for the rotational-intensity 
distribution given by Eq. (9) multiplied by the follow- 
ing term: 


(1+¢m)?, 


where m is the ordinal number of the line, and ¢ is a 
parameter depending on the strength of the Coriolis 
interaction and the vibrational transition involved. 
No theoretical estimates have been made of the value 
of ¢ for the C band. 

Using Eq. (9) multiplied by term (10) and adjusting 
the parameters S,"’ and £, a more satisfactory fit to 
the experimental data is obtained. This is shown in 
Fig. 14 as the solid curve for S,." =4.27 cm™ atm™! 
and ¢=+0.0035. 

The parameters were adjusted for agreement with 
experiment in the P branch. The effect of a positive 
¢ is to decrease the intensity of the P branch and 
increase the intensity of the R branch. For the R 
branch, the predicted value of S° for C11 is 0.0736 
cm~ atm™! while the experimental value is 0.070 
cm~ atm™!. This agreement is well within the estimate 
of reliability for the measurement of S° for C11. 

In the case of the 01!0—000 fundamental band, values 
of S° have been obtained for a4, a8, and a50, which 


3B. L. Crawford, Jr. and H. L. Dinsmore, J. Chem. Phys. 18, 
983 (1950). 

2% W. S. Benedict, “Theoretical studies of infrared spectra of 
atmospheric gases,” AFCRC Final Rept., 1956. 


(10) 





Isotope 


Transition 





C®O,'6 
C®Q,'6 
C®O,!6 
C®Q,'6 
C#O,'6 
C®O,}6 
C8Q,'6 
O8C2O" 


0140-000 


CO, 


TABLE V. Band strengths and vibrational transition moments. 


Letter 
notation 


0270-010 
02°0-0110 
03'0-0270 
03!0-02°0 
03'0-100 
01'0-000 
01'0-000 


v 


(cm™) 


ABSORPTION SPECTRA 


Sor” at 300°K 
(cm™? atm~) 


Estimate of 
uncertainty 


|p 
| R | 


(debyes) 





667. 


667 
618 


597. 
647. 
544. 


40 


648.: 
662.< 


194 

30 
4.27 
0.14 
1.0 
0.0040 
2.8 
1.0 


0.180 
249 
138 
.09 
.29 
.026 
18 
.20 


allows a theoretical curve fitting. Fig) =3(J—1) for 
the fundamental-band P branch. A calculation shows 
a theoretical fit to the S° values given in Table III for 
Sy” =194 and ¢=0. It must be mentioned that 
Benedict has predicted™ a value for the Coriolis param- 
eter of the fundamental band of ¢=+0.0016. This 
value of ¢ would require that the value of S® for a50 
be reduced with respect to the value of a4 and a8 by 
15% from the experimental values given in Table III. 
In view of the experimental errors involved, and in 
consideration of the value of ¢=+0.0035  experi- 
mentally indicated for the C band, the possibility of a 
positive ¢ of this magnitude (+0.0016) for the funda- 
mental band can not be definitely ruled out at present. 


C. J” Dependence of Linewidth 


The variation of line half-width with J” in the P 
branch of the 02°0—0110 or C band may again be con- 
sidered by referring to Fig. 12. It can here be seen that 
y° has the essentially constant value of approximately 
0.10 cm from c9 to c23. There is a slight indication of 
higher values of y° at lower J’’ and lower values at 
higher J’. The y° determined from R branch measure- 
ments on C9, 11, 13 has the value 0.11 cm™ atm", 
which is in reasonable agreement with the values ob- 
tained in the P branch at the same J”. 

Further evidence to support this dependence of the 
half-width on J” is obtained from the values of y° 
determined in the fundamental band. y° for a4 is 0.126 
cm atm7'; for a8, y°=0.10; and for a50-a56, y°=0.06. 
These values would appear to fit quite compatibly 
with the y° variation with J’ plotted in Fig. 12 for the 
02°0—01'0 band. 

The J” dependence of the half-width demonstrated 
here has considerable theoretical support. It has been 
shown” .*6 that molecules with a strong dipole moment 
have a maximum value of y® at a J” value near the 
peak of the Boltzmann distribution, since a molecule 
making a transition at such a J” finds a greater number 
of perturbing molecules with which it may resonate. 
However, this effect is very weak for molecules with a 


% P. W. Anderson, Phys. Rev. 76, 647 (1949). 
2% W. V. Smith, H. A. Lackner, and A. B. Volkov, J. Chem. 
Phys. 23, 389 (1955). 


small dipole moment. Smith, Lackner, and Volkov” 
have measured y° for OCS in the microwave region and 
measure only a 7% increase in y’ from J” =1 to J” =5. 
They have also calculated the expected widths using 
Anderson’s theory” of collision broadening extended 
to include the effects of near-resonant interactions and 
conclude that the expected increase in y° is only 4% 
from J” =1 to J” =5 for OCS. 

CO is another molecule with a weak dipole which 
has been investigated. Measurements of y° for the CO 
fundamental have been reported by Benedict,* and 
by Eaton and Thompson.” Their results show a varia- 
tion with J consistent with the results of this study 
for COs. The observed increase in y° at low J has been 
explained by Benedict® using the following argument: 
In the case of a very weak dipole-dipole interaction, or 
for a quadrupole-quadrupole interaction (which must 
be the principal cause of collision diameters greater 
than the kinetic theory diameter in a nonpolar mole- 
cule such as CO2), the collisions in which exact reso- 
nance occur are relatively less important than those in 
which a moderate degree of near-resonance takes 
place. Since the low J levels are more closely spaced, a 
molecule radiating from a low J quantum state will 
have significant near-resonant collisions with a greater 
number of molecules, causing an increased linewidth. 


D. Band Strength and Transition Moment 
Determinations 


Values of S,”” have been calculated for all of the 
bands represented by lines and Q branches observed 
in this study. These values of band strength are to be 
considered secondary results since an assumed band 
strength distribution must be used to make the calcu- 
lation. Only in the case of the 02°0—01'0 band was 
there sufficient experimental data to attempt a choice 
of the Coriolis parameter. All other band strength 
determinations from line strength data were calculated 
from Eq. (9). In the case of the Q-branch measurements 
the band strengths were determined from the theoretical 
ratios of Q branch to total band strength calculated 


27—D. R. Eaton and H. W. Thompson, Proc. Roy. Soc. 
don) A251, 486 (1959). 
* W. S. Benedict (private communication). 


Lon- 





2096 


for a rigid-rotor model. The resulting band strengths 
are given in Table V. 

In the case of the 02°0—01'0 band the value of 
Sy” given in Table V was taken from the fit of the 
theoretical strength distribution curve to the experi- 
mental line strength data as shown in Fig. 14. This 
band strength can also be calculated from the Q branch 
strength measurement. The value obtained is Sy” = 
3.72 cm™ atm“, which is lower by 13%. The uncer- 
tainty in the value obtained from the Q-branch measure- 
ment is considerably greater than that for the deter- 
mination from the P-branch measurements, however, 
due to the abundance of data in the latter case. It 
should also be mentioned that a consideration of the 
effects due to the Fermi resonance between the 02°0 
state (upper state for the C band), and the 100 state 
leads one to conclude that the observed strength of 
the CQ branch should give too low a value of S,”’ if 
the effects are neglected, as they were here. The magni- 
tude of this effect, however, has been estimated by 
Benedict” as less than 5%. 

The vibrational transition moment has been calcu- 
lated from the experimentally determined band 
strengths for each band using Eq. (3). These moments 
are given in Table V. 


E. Comparison of Results with Other Experimental 
Investigations 


In Table II the band constant B’—B” was deter- 
mined for the 01';0—00°0 band of C,0,."* from an 
analysis of the Q-branch structure. Actually, there 
are two values of B’ characterizing the rotational 
structure of the 01'0 level—due to / doubling. The Q- 
branch line spacing involves the larger of the two values, 
usually referred to as B*, while the smaller value B° 
can be determined from an analysis of the P and R 
branches. The difference g= (B¢—B*) is the /-doubling 
constant. Using the value of (B%10—Booeo) found in 
this study, and the value of (B%19—Booco) determined 
by Rossmann et al.," the /-doubling constant is go9= 
(6.07+0.2) X10~ cm~. Courtoy”® has determined the 
l-doubling constant for the 01'0 level somewhat less 
directly, arriving at the value go19=6.3X 10 cm—. 

The value of 194 cm~? atm determined at 300°K 
for the fundamental band strength deserves further 
attention. As was previously mentioned, Kaplan and 
Eggers? using the ‘“curve-of-growth” method and 
Overend et al. using the ‘“Wilson-Wells-Penner- 
Weber” method have agreed on a value of 240 cm 
atm™ for the total strength of all the CO. bands in the 
15-4 region. It is of considerable interest to see if this 
value is, in addition, compatible with strength deter- 
minations from individual line studies. Kaplan and 
Eggers indicate that a value of 240 cm~ atm~ for the 
total strength of all the bands implies a value of 213 
cm~ atm! for the fundamental band strength at 
298°K. To determine this ratio they assumed a value 


* C. P. Courtoy, Can. J. Phys. 35, 608 (1957). 


ROBERT ?P. 


MADDEN 
of 15.0 cm~ atm for the strength of the first harmonic 
band (02?70—01!0) .*° 

Assuming that the value of 30 cm~ atm™ for the 
strength of the band determined in this study is correct, 
Kaplan and Eggers have overestimated the portion of 
the total strength of all the bands which is due to the 
fundamental. The use of 240 cm~ atm for the total 
strength, and the larger value for the strength of the 
first harmonic band would lead to a value of 198 cm-? 
atm for the fundamental band strength—in excellent 
agreement with the value obtained in this study. In 
reality, their determination of the total strength of all 
the bands depended on an assumed ratio of fundamental 
to other band strength, and the value of 240 cm” 
atm would be somewhat affected by altering the B 
band strength. 

A further comparison with the work of Kaplan and 
Eggers concerns the effective half-width determined. 
Their analysis yielded a value of 0.064 cm for the 
effective half-width of the fundamental band for 
nitrogen-broadened CO, at 1 atm and 298°K. In the 
present study a value of 0.10 cm~ would appear appro- 
priate for self-broadened CO, at 1 atm and 300°K. 
This implies that the nitrogen-broadened half-width is 
36% smaller than the self-broadened half-width. 


Kostkowski! estimated this difference to be 30% as a 
result of a low-resolution study of the hot bands on the 
high-frequency side of the fundamental—which is a 


good agreement. Kaplan*! indicates that the value of 
half-width which was obtained in their work would be 
somewhat greater if the higher value of strength for the 
(0270—01'0) band had been used. A small change in 
this direction would result in an even closer agreement. 

The value of the total strength of all the CO, bands 
in the 15 yw region obtained by Overend et al., being in 
agreement with the result of Kaplan and Eggers is 
also completely compatible with the analysis of the 
individual line strengths in the present study. A further 
comparison with their work concerns the important 
question of line shape. Overend et al. make the point 
that their total strength result is in best agreement 
with that of Kaplan and Eggers if they neglect making 
a wing correction for absorption which would be present 
if the lines were Lorentzian in shape. Benedict et al.” 
have indicated that the Lorentzian description of line 
shape may begin to fail at distances of the order of 1 
cm™! from the line center. The present study offers an 
opportunity to further investigate this question by an 
analysis of the low-frequency wing absorption in the 
fundamental Q branch. This is best observed using a 
short absorption path and higher pressures, such as in 


% A preliminary report on the present study was available in 
1957 as an ONR Progress Report entitled “Study of CO: absorp- 
tion spectra between 15 and 18 microns.” In that report an error 
was made in the value given for the strength of the first harmonic 
band. The value given was 16.3 cm™? atm™, while the value cor- 
rectly derived from the data is 30 cm™ atm™. Data obtained 
since the publishing of that report have modified many of the 
other derived quantities. 

31 L, D. Kaplan (private communication). 





CO, 


the top scan of Fig. 7. Here the Q-branch tail appears 
at the left as a background absorption increasing to 
higher frequencies. Using the Q-branch constants and 
band strength determined in this study, the absorption 
at 666.4 cm™ due to the fundamental Q-branch lines 
was calculated, assuming a rigid-rotor model with 
Lorentzian lines of width y?=0.10 cm~!. The observed 
absorption coefficient was approximately 25% less 
than the calculated value at this frequency which is 
displaced 1.0 cm™ from the Q-branch head, and ap- 
proximately 1.4 cm™! from the strongest Q-branch 
lines. This result is definite evidence that the absorp- 
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tion in the wings of self-broadened CO; lines is less 
than that predicted by the Lorentzian shape. 
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The measurements of Dieke and Crosswhite on the absorption spectrum of YbCl;-6H,O are discussed. 
Their interpretation of the spectrum is extended by the identification of two of the weaker lines. ‘The entire 
spectrum is considered on the basis of crystal-field theory, and the possibility of determining the parameters 
of the crystal-field potential is assessed. It is suggested that this compound may be ferroelectric (or anti- 
ferroelectric). The spin-orbit coupling constant is determined to be —2924 cm™. 





WO experimental studies of the YbCl3;-6H»O ab- 

sorption spectrum have been reported in recent 
years. The more complete of the two was made by 
Dieke and Crosswhite' and included observations of 
the Zeeman effect. Some of the absorption lines found 
by Dieke and Crosswhite were also observed by 
Pappalardo and Wood.” 

The absorption lines in YbCl;-6H,O are due to 
transitions of the single hole in the otherwise closed 4f 
shell from the ?F7,2. ground state to the excited °F 5,2 
state. The separation of these two states is approxi- 
mately 7¢/2, where ¢ is the spin-orbit coupling con- 
stant. The ground state is split into four doublets and 
the excited state into three doublets by the internal 
electrostatic field. As a consequence several absorption 
lines occur whose separations are indicative of the 
strength of the internal crystal field. 

According to Marezio, Plettinger, and Zachariasen* 
the local symmetry about the Yb** ion is C2. The two- 
fold symmetry axis is parallel to the 6 axis of the 
crystal. It is natural to take this symmetry axis as the 
z axis so that in the absence of the internal field the 
allowed values of J, would be J, J—1, +++, —J. A 
consequence of this choice of the direction of quanti- 


1G, H. Dieke and H. M. Crosswhite, J. Opt. Soc. Am. 46, 885 
(1956). 

2R. Pappalardo and D. L. Wood, J. Chem. Phys. 33, 1734 
(1960). 

3M. Marezio, H. A. Plettinger, and W. H. Zachariasen, Acta 
Cryst. 14, 234 (1961). 


zation is that all the doublets should be split when a 
magnetic field is applied parallel to the symmetry axis. 
When the field is applied perpendicular to the symmetry 
axis only two of the seven doublets should exhibit a 
first-order Zeeman splitting. The experimental results 
are just the other way around; that is, the observed 
Zeeman splittings are small or zero when the magnetic 
field is parallel to the symmetry axis and have their 
maximum values when the field 
perpendicular to the twofold axis. 
The implication of these experimental results is that 
one must choose a pseudo-axis perpendicular to the } 
axis as the direction of quantization of the angular 
momentum. It is possible that YbCl;-6H2O is ferro- 
electric (or antiferroelectric) and that the internal field 
created by the ferroelectric alignment causes the axis 
of quantization to shift from the crystallographic axis 
to a plane perpendicular to this axis. It is not necessary 
for the following argument that YbCl;-6H2O be ferro- 
electric. Nevertheless, in view of the low symmetry 
and the extensive hydrogen bonding, it seems worth- 
while to investigate this possibility experimentally. 
Dieke and Crosswhite observed two sharp lines, much 
stronger than any of the others, at 10 297.13 and 
10 282.32 cm™ which they attributed to the transitions 
(7/2, 5/2)—>(5/2, 5/2) and (7/2, 5/2)—(5/2, 3/2), 
respectively. Here the bracketed numbers stand for 
(J, my). Two weaker lines, observed only at 77°K, at 
10 163.9 and 10 149.8 cm™ were attributed by Dieke 


is in a plane 
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TABLE I. Calculated positions of the (7/2, 1/2) and (5/2, 1/2) 
energy levels as a function of the assumed identity of the absorp- 
tion lines at 10 182.4 and 10 193.6 cm™. 


Calculated 
position of 


(7/2, 1/2) 


Calculated 

position of 

(5/2, 1/2) 
level 


Observed 
energy 


Assumed identity 
of transition 





10 193.6 cm™ 
10 182.4 


10 193.6 
10 182.4 


10 193.6 
10 182.4 


10 570.96 
10 618.15 


10 326.13 
10 314.93 


10 351.24 
10 359.37 





and Crosswhite to transitions from an excited state 
132.8 cm™ above the ground state. If one invokes the 
selection rule Amy= +1, 0 it follows that this excited 
state is (7/2, 3/2) since this state is the only one other 
than the ground state from which transitions can take 
place to both the (5/2, 5/2) and (5/2, 3/2) states. The 
existence of nonaxial components of the crystal field 
spoils the rigor of this selection rule, but detailed 
calculations indicate that alternative identifications of 
this level do not lead to reasonable agreement between 
experimental and calculated energy levels. 

It is interesting to consider how well one can de- 
termine the spin-orbit coupling constant and the 
parameters of the crystal field from the information 
given above; that is, from the positions and identifica- 
tions of the levels at 0, 132.8, 10 282.32, and 10 297.13 
cm, We shall assume for the initial calculations that 
the crystalline potential, when referred to a pseudo- 
axis perpendicular to the 6 axis, has rotational sym- 
metry about this pseudo-axis. It will be shown later 
that the nonaxially symmetric components of the 
crystal field can shift the energy levels by only a few 
cm7'. 

We can write, in the usual way, 


V =4A,"r’.9/ (10)!+164rO./3(2)! 
+32A¢’r®O¢°/ (26)}. 


In view of the lack of symmetry with respect to the 
pseudo-axis the potential undoubtedly contains odd 
spherical harmonics also. However, since the matrix 
elements of the odd harmonics within the f configura- 
tion are all zero, they need not be considered here. 

The following abbreviations will be used: 


B= 15 A2°(r"); 
Bo=g3AP (r*); 
Bo =725 Ae (1°). 
One finds that the spin-orbit coupling constant is 


determined uniquely by the information given, and 
has the value —2924.42 cm~'. It is rather difficult to 
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set limits on the accuracy with which ¢ is determined 
because no information is available about the per- 
turbing effects of highly excited configurations. Apart 
from these effects it appears that the nonaxial compo- 
nents of the crystal field are sufficiently small so that 
the value of ¢ can hardly differ from —2924.42 cm~ 
by more than 0.1%. 

One also finds that 


(be = 4Bo— BY—58.855, 
11B,°=9B,+27.248, 


and that the position of the (7/2, 7/2) state is com- 
pletely determined. This state lies 73.89 cm~ above 
the ground state. By choosing properly the value of 
B. an “allowed” transition (that is, a transition for 
which Amy;=-+1, 0) can be made to have the same 
energy as one of the, as yet, unassigned absorption lines 
at 10 182.4 and 10 193.6 cm~. These weak absorption 
lines may not be due to the kind of purely electronic 
transition we are discussing here. Nevertheless we need 
to examine the possibility that they are. The transitions 
which might be identified with the 10182.4 and 
10 193.6 cm™ lines are (7/2, 1/2)—>(5/2, 3/2), 
(7/2, 3/2)—(5/2, 1/2), and (7/2, 1/2)—(5/2, 1/2). 
The consequences of the six possible ways in which an 
allowed transition can be associated with one of the 
observed lines are shown in Table I. 

If the transition is (7/2, 1/2)—>(5/2, 1/2) it appears 
unlikely, in view of the small occupation of the initial 
state at 77°K, that the line would have been observed. 
If the transition is (7/2, 3/2)—>(5/2, 1/2) it is difficult 
to understand why no transitions from the relatively 
low (7/2, 1/2) level have been observed at 77°K. It 
seems most likely that the (7/2, 1/2)—>(5/2, 3/2) 
transition corresponds to the line at 10 193.6 or the one 
at 10182.4 cm; for definiteness in the remaining 
calculations it has been assumed to be 10 182.4 cm™. 
In this case, as in all the others, one observed absorption 
line is unaccounted for, and three allowed transitions 
are not observed. 

With the assumptions finally made, one has B,°= 
6.424 cm, BY=7.733 cm and Be= —5.842 cm. 
The calculated energy levels are as follows: 


(5/2, 1/2) 10 359.38 cm= 


5/2) 10 297.15 
10 282.33 
132.54 
99,92 
73.89 


0.00. 
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The allowed but unobserved transitions are 
(7/2, 1/2)—>(5/2, 1/2) 
(7/2, 3/2)—(5/2, 1/2) 


at 10 259.46 cm", 


at 10 226.84 cm, 


(7/2, 7/2)—>(5/2, 5/2) at 10 223.26 cm. 

It is not possible, by switching the identifications of 
the levels and adjusting the B,° to make six calculated 
transitions coincide with the six observed transitions. 

The calculated g values are rather insensitive to 
small changes in the axial components of the crystal 
field and therefore cannot be used to establish the 
correctness of the choice of these components. Table 
II gives the g values found by Dieke and Crosswhite 
and two calculated sets of g values for cases where all 
the nonaxial components of the field are zero. 

We must now consider the effect on the energy levels 
and the g values of nonaxially symmetric components 
of the crystalline potential. Again, the terms for which 
l is odd can be ignored but because of the lack of 
symmetry the number of free parameters is still so 
large they are not determined uniquely by the available 
data. 





|3+) 2—) 
—5B°+3B,9 0 
—Be+it 
_ 7BE+6B.° 
oe 
3BY+Be 


|1+) 


(3+| (15)3(—B/? 


2(10)4¢ 


—15B°+3¢ 


The following additional abbreviations were used: 
B2= 45 A ? (r? ) 
Be= res Ae (1) 
Be=r337Ae (r*) 
Bé= yes Ad (r*) 
Be =1387Ae' (r’) 
B&=439A6' (r*) 


4The calculated and observed values of s; for the ?F5/2 state 
should be interchanged in Dieke and Crosswhite’s Table II. 
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TABLE II. Observed and calculated g values for YbCl;-6H.0. 
The calculated values in column two are obtained by assuming 
BY=6.424 cm, BY=7.733 cm, Be=—5.842 cm™, and ¢= 
— 2924.42 cm™. The calculated values in column 3 are obtained 
by assuming that A.°=A,°=A,°=0. 








Obs 


Cale Calc 





g(5/2, 5/2) 
g(5/2, 3/2) 
g(7/2, 5/2) 


.2816 
.5879 
5.7183 


2857 
2.5714 
5.7143 


4.05 
2.70 


5.65 








For simplicity we shall take the nonaxially symmetric 
part of the crystalline potential to have twofold 
symmetry about the pseudo-axis. 


V'={2As*r°0:2/(15)3 
+4 AerO?/3(5)!4+32AerO,2/(2730)3} {e%-e-2} 
+ {8A G40 ,4/3 (35)}+16 A o'r Oo!/3 (91)3} {eH + e-ite| 
+ {32 A ¢®r®Q¢°/ (6006) 3} { e®?-+-e- +}, 


The complete interaction matrix, from which the 
secular equation for the energy levels can immediately 
be derived is 


we) te) 
0 (15)3(Be 
— Be') 
(30)#(—B.? 0 
—B2+2B¢) 
0 — (6B,? 
+20B/ 
+15B,") 


v3e 


| -3+) 
— Be 


SBs+6Be! 


4B,°+ OBS 
+20B,° 


(30)?(—B 
—BZ+2Be) 
3BY+ BP 0 
—15B,°—4¢ 
— 7BE&+6B,° 
a | 
—5B°+3B,P 


— Boh. 


(15)#(—B?? 
+6B/—B,’) 


2(6)*¢ 





Most of these matrix elements are also given in the 
paper by Pappalardo and Wood.? 

Although one cannot hope to determine uniquely the 
nonaxially symmetric components of the field one might 
expect that for some values of these components the 
calculated and observed transition energies would agree 
for all six observed absorption lines. This expectation 
seems incompatible with the observed Zeeman splitting 
factors when V’ has twofold symmetry and probably 
for any V’. 

Table III gives the calculated energy levels and the 
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TABLE ITI. Calculated energy levels and g values for YbCl;-6H2O when the nonaxial components of the crystal field are different from 
zero. It is assumed that B.°=6.424 cm™, BY =7.733 cm™, Beo= —5.842 cm™, and ¢= —2924.42 cm. All energies are in cm™. 








B?=2 


10 362.83 
10 


Bé=0.4 Be=2 Bst=10 B&=30 





? 


£($/2, 1/2 


2) 


10 360.22 
10 296. 
10 282.07 
134. 
99. 


10 361.31 

10 299.00 

10 284. 
136. 
101.93 
74. 


10 359. 

10 298.05 

10 281. 
132.75 
100. 
73.7 


10 362.13 
10 300.02 
10 285.27 
137.42 
117.86 101.60 
61.22 77.17 


10 361.05 
10 298.90 
10 284.01 

134.22 


297.15 59 
281 
137.5 36 


74.05 


0. : 0. 


4.1849 
2.4811 


5.6761 


g values 
the field 
nonaxial 


for cases where the nonaxial components of 
are taken to be nonzero, one by one. If the 
field components are appreciably larger than 
the ones used for these calculations the agreement 
between the calculated and measured g values will be 
rather poor. On the basis of these limited numerical 
results one cannot exclude the possibility that two or 
more of the nonaxial crystal-field components are 
appreciably larger than the ones used in Table II and, 
simultaneously, the g values remain close to their 
experimental values. However, such an occurrence 
seems unlikely. The effect on the energy levels of these 
small, nonaxial field components is clearly small. In 
particular, they will not alter by more than a few 
cm the calculated positions of the various allowed 
transitions. Consequently the interpretation of the 


0. : 0.00 
4.2815 
2.5879 
5.4194 


observed absorption peaks at 10 193.6 and 10 182.4 
cm™ remains obscure. 

Electron spin-resonance and _ static-susceptibility , 
measurements should be made on YbCl;-6H;0. 
Although gi for the ground doublet is undoubtedly 
small it may be possible to measure g); and confirm the 
spectroscopic value. The susceptibility measurements, 
if carried out over a wide temperature range, might 
provide information about the locations of the (7/2, 
7/2) and (7/2, 1/2) levels which are here predicted to 
occur at 73.89 and 99.92 cm™ but which have not been 
observed spectroscopically. 
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A general technique is presented for the prediction of molecular weight distributions from an assumed 
reaction sequence in addition polymerizations. Several problems in Szwarc polymerizations are worked as 


examples. 





1. INTRODUCTION 


HE application of the conventional equations of 

chemical kinetics to polymerization reactions often 
presents the investigator with large sets of differential 
equations whose solution in the general case is plagued 
with impressive difficulties. In particular cases, such 
sets of differential equations have been integrated by 
special devices'*; but the only general method so far 
applicable to wide classes of polymerization reactions 
appears to be that of Bamford and Tompa.’ To this 
technique, which involves use of the Laplace transform, 
I should like in the following to add a second, involving 
use of the method of steepest descents. It appears to be 
fully as powerful as the Laplace transform method. 
Several problems in the kinetics of addition polymeri- 
zation will be investigated with its use. 


2. METHOD OF STEEPEST DESCENTS 


The approximate evaluation of complicated integrals 
by the method of steepest descents is a well-known 
mathematical device which shall be employed here in 
only a restricted sense. In the applications to be con- 
sidered, the contour of integration will always be the 
axis of reals, so that none of the complications of com- 
plex variable theory need be introduced. We shall, in 
fact, need only the following lemma, for whose proof 
the reader is referred to the appendix. 

Lemma: If in the integral 


hin I “SOC A(«) (OP 
Xexp{—Lf(x)—f() Tae (1) 


f(x) is a monotonically increasing function of x, and 
both f’(x) and g(x) are slowly varying functions of x 
over the range of integration; then for m large, Jn(«) 


1p, J. Flory, J. Am. Chem. Soc. 62, 1561 (1940). 

2H. Mark and R. Raff, High Polymeric Reactions (Interscience 
Publishers, Inc., New York, 1941), p. 166-8. 

3E. F. G. Herington and A. Robertson, Trans. Faraday Soc. 
38, 490 (1942). 

4R, Simha and R. Ginell, J. Am. Chem. Soc. 65, 706, 715 
(1943). 

5 L. Gold, J. Chem. Phys. 28, 91 (1958). 

6 W. T. Kyner, J. R. M. Radok, and M. Wales, J. Chem. Phys. 
30, 363 (1959). 

7C. H. Bamford, W. G. Barb, A. D. Jenkins, and P. F. Onyon, 
The Kinetics of Vinyl Polymerization by Radical Mechanisms 
(Academic Press,¥Inc., New York, 1958), p. 283-290. 


is given to good approximation by 
In(x)—>3g(0)/f' (8) [1+erf f(@)/(2n)*], (2) 


in which @ is a function of x and m defined to be the 
algebraic root of 


f(0) =f(x) —n, 


and erf x is the error integral 
erf x=2/(n)!f exp(—2*) dz. 
0 


The range of validity of this approximation is the same 
as that for the familiar Stirling approximation to the 
factorial, which is included in the lemma as a special 
case. 

3. STEREOREGULATED POLYMERIZATION WITH 

CHAIN TRANSFER 

According to Natta,® a possible mechanism for a 
stereoregulated polymerization is the following: 
Initiation and propagation: 


M,+M—M,, 
ky 
M,+M—M yy. 
Chain transfer: 


Mn+M—-M,+An; he. 


An aluminum alkyl M, is attacked by monomer M 
and builds up long chains M, with a chemical rate 
constant k;. The growth of the chain is terminated 
either by the exhaustion of monomer or by chain trans- 
fer with monomer to produce a polymer Ap, a reaction 
which proceeds with chemical rate constant k2. The A, 
are assumed inert to further reaction with the exception 
of Ay, which is taken to be identical with M. Kinetic 
equations for this series of reactions are 


(d/dt)M,=—k,MM,+k.M <M); 


(d/dt) Mn =kiMMy1— (ki-+hs) MM); 
(d/dt) An=koMMy; 


n>1 


n>2 
(d/dt)M =—(ki-+k:)M >My +koMMi, 
1 


8G. Natta, La Chimica e Il’Industria (2) 38, 124 (1956). 
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Fic. 1. Number density distributions for living and dead 


polymer for the mechanism of Sec. 3 in the case K=h2/ki=1073; 
x= 108. 


and we seek solutions to this set under the initial con- 
ditions M,=M,°; M=M° at t=O. In the special case 
k2=0, the number density distribution M, is contained 
in the work of Flory’: 


Mrii/M a (1/n!) ee, 
x= (M°/M,)[1— exp(—kiM,) J, (4) 


which is to say that for M°/M)° large, the resulting 
polymers are practically monodisperse and of chain- 
length x. 

If k2~0, we employ Flory’s device and linearize the 
equations by changing the independent variable to 
du=Mdt; u=0 at ¢=0. A recurrence relationship be- 
tween the M,, may then be established, 


Mon=hif M,,(n) exp[— (kitk:) (u—n) |dn, 
0 


and by repeated integrations by parts this recurrence 
formula may be made to yield 


Maso=ky"*'n! if M,(n) (u—n)” 
0 


X exp[—(kitk2) (u—n) ldn. (5) 


The sums appearing in the first and last of Eqs. (3) may 
now be evaluated, yielding in the first case an integro- 
differential equation for the explicit determination of 
M, and in the second a differential equation for the 
determination of M. The solutions to these equations 
are 


M,/M\°= (kitk:)—{ ko+h: expl— (kithke) uj}, 
M = M°— (ky +k2) Myul 1 —ke?/ (ki +2)? ] 
+kiko/(Ritk:)?M)°{1— exp[— (kitk:)u]}, 
+M—(ki+k:)Myu, (6) 


in which the approximation involved in the second of 
Eqs. (6) consists in letting kx<k;. From this approxi- 


mation, « may be obtained as an explicit function of 
time: 


= | du/M(u), 
0 


(ki tk) u= (M° M,°) { 1— exp[ — (kitk,) Mt }} e (7) 


To complete the problem, substitute (5) into the third 
of Eqs. (3) and carry out the indicated integration. 


Anyo= kok" 'n! f M,(n) (u—n)"*! 
0 


xX expl— (kitks) (u—n) |dn. (8) 


Although Eqs. (5) through (8) comprise a complete 
formal solution to the problem, they are not convenient 
for computing purposes, for # will in general be a large 
number; and any attempt to carry out the quadratures 
indicated in either (5) or (8) by conventional tech- 
niques will lead to awkward series whose convergence 
is exasperatingly slow. It is, however, for precisely 
such situations that the method of steepest. descents 
is most powerful; and by comparison of (5) and (8) 
with (1), the reader will anticipate the possibility 
that the molecular weight distributions may be de- 
scribed simply in terms of known or easily calculable 
functions. Let us define x=(kitk.)u; &=(kitks)n. 
After substitution of (6) into (5) and some elementary 
simplification, we have 


Mn 2/M |= [ki / (ki +k) Dati ca 1/(n+1) !] or 
+[k2/ (ki tks ) ‘Whi / (Ai +e) pint f (x—£)" 


x exp[—(x—£) Jdt, (9) 


in which the second term on the right contains an 
integral (formally an incomplete gamma function) 
which for large » may be evaluated approximately by 
the lemma of Sec. 1. If k2=0, we recover Eq. (4), but 
even for k2~0, chemical intuition as well as examination 
of (9) show that for the production of long chains the 
condition k:<k; must obtain. By defining A= 
ko/k:<K1 and replacing the Poisson function first on 
the right in (9) by its Gaussian approximation, we 
have for convenient computation 


M,,/M,\°= exp(—Kn) « (2xn)— exp[— (x—)?/2n ] 
+K exp(—Kn) -3[1+ erf(a—mn) /(2n)*]. 


Identical considerations in the case of (8) lead to a 
distribution of dead polymers 


A,/MY=K[1+K(x—n)] 
X exp(—Kn) (4) [1+ erf(a—mn)/(2n)*]. (11) 


These distributions are plotted in Fig. 1 for the 
particular case K=10-*, x=10* so that Kx=1. The 
outstanding feature of the curves is the exaggerated 
peak retained in the distribution of living polymers 
M, followed by the abrupt cutoff excluding any poly- 


(10) 
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mers of chainlength >. Despite the presence of 
the chain transfer reaction, much of the population 
of living polymers remains monodisperse so long as 
Kx<O(1). Equations (10) and (11) are thus quantita- 
tive statements of the conclusions arrived at qualita- 
tively by Szwarc® for polymerization reactions in- 
volving chain transfer. For Kx>O(1), which may be 
achieved either by increasing the ratio of starting 
monomer to catalyst or by waiting for longer reaction 
times, the polymer becomes more inhomogeneous; 
the peak disappears, and the distributions become 
approximately exponential. By varying the ratio of 
starting monomer to catalyst and letting the reaction 
run to completion, the disappearance of the peak may 
be used for an approximate determination of the ratio 
of the rate constants: ko/ki=M,°/M®. In at least one 
case,! this peak has actually been observed. 

The usual molecular weight averages may be calcu- 
lated either from (10) and (11) or more conveniently 
from the exact distributions (8) and (9). The analysis 
involves no features of particular interest, and I shall 
merely quote the results. Let the moments of the dis- 
tributions be defined by 


tr= yin, and \,= >on" Ay. 
Then for K=ke/ki<K1 and x=(ki +h.) u—-(M°/M,°) 
X[1— exp(—ki My) >1, 
po/M,°=1, 
wi/M,°= K-"(1—e-**), 
po/M,°= (2/K*)[1— (1+ Kx) e**], 
o/M°= Kx, 
\i/M\°=K-'(Kx—1+e-**), 
ho/ M1 = (2/K*) [Kx(1+e-**) —2(1-—e-**) J. (12) 
The number average Py and weight average P, 
molecular weights, are defined in the usual way by 
Py(u) =m/mo;  Pw(u) =p2/m, 


and similarly for the population of dead polymer 
P(X) and for the combined populations P(u+A). In 
Fig. 2 are plotted the inhomogeneity ratios Py/Py—1 
for each of the various populations as a function of 
k,M,°t in the special case k2M°/kiM,°=4. 
4. INITIATION SECOND ORDER IN MONOMER IN THE 
ABSENCE OF A TERMINATION REACTION 

A mechanism considered by Simha"™ in connection 

with a problem in molecular biology is the following: 


M+M-—M,; ki, 
Propagation: M,+M—-My4s; ko, 


Initiation: 


Termination: none. 
9M. Szware and M. Litt, J. Phys. Chem. 62, 568 (1958). 
10 W. L. Carrick, R. W. Kluiber, E. F. Bonner, L. H. Wartman, 
F. M. Rugg, and J. J. Smith, J. Am. Chem. Soc. 82, 3883 (1960). 
™R, Simha, J. Polymer Sci. 42, 309 (1960). 
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Fic. 2. Inhomogeneity Pw/Pnx—1 of various polymer popula- 
tions as a function of time for the mechanism of Sec. 3. In these 
calculations, k2M°/kiM,°=4. u=living polymer; \=dead poly- 
mer; «+A=combined populations. 


Simha obtained a formally complete solution to the 
kinetic equations appropriate to this mechanism, but 
his expression for the resulting number density dis- 
tribution M, is in the form of an infinite series which 
is practically useless for computational purposes. For 
a discussion of the molecular weight averages and in- 
homogeneity of the polymer, the reader is referred to 
Simha’s article. I shall here concern myself only with 
the derivation of a simple expression which to an ex- 
cellent approximation represents the molar distribution 
of polymer molecules M,,. 

We have to solve the set of differential equations” 


(d/dt)M =—2k,M?—k.M )-M), 


(d/dt)M,=k,M*—k.M M2, 


(d/dt)M,=k2MM,1—k2MM,; n>2, (13) 


with the initial condition M=M°; M,=0 at t=0. As 
with the problem of Sec. 3, (13) can be linearized by a 
change in independent variable du=Mdt; u=0 at 
t=0. The third of Eqs. (13) may then be used to 
establish a recurrence relation 


M.=hf M,1(n) exp[—ko(u—n) |dn, 
0 


whence by continued integration by parts 


Moy=hken' | M (n) (u—n)" 
0 


X exp[—k2(u—n) ]dn. (14) 


Summing (14) over » and substituting the result into 
the first of Eqs. (13), we obtain an integro-differential 
equation for M whose solution is 

M/M°= exp(—Aiu) sinBko(u,.—u) /sinBkou,, (15) 


2 Simha’s k’ is my 2h). 
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Fic. 3. Number density distribution for the mechanism of 
Sec. 4 with K=h,/kz=10; too, 


with 
B=[(ki/kz) — (ki/ke)? }. 


The quantity u,, is that value of u corresponding to 
t= and is defined to be the root of 


tanBkou,,=kB/ki; O<Bkou<4r. (16) 


To establish u as a function of time, it is necessary to 
substitute (15) into the integral 


=| du/M(u), 
0 


but this quadrature does not appear to be solvable in 
terms of known functions. 

Equations (14)-(16) contain an exact solution to 
the kinetic problem, but the resulting expression for 
M,, is computationally inconvenient. To apply the 
method of steepest descents, write «=kou; =k in 
each of (14), (15), and (16). 


Mire /M°= (ky/ke) (n! =f exp ( — kiE/ke) 
0 


sinB(x,,—&) 


(x—£)" exp[— (x—€) Jdé. (17) 


sin8x,, 
Long chains are produced only in the case™ 
K=k,/kxK1; BOK; x ,-79/2K?. 
Making these substitutions and appealing to the 
lemma of Sec. 1, 


M,,/M°->K exp[—K(«x—n) J[sinK!(x,—x-+n) ] 


431+ erf(x—mn)/(2n)*]. (18) 


This distribution is plotted in Fig. 3 for x=x,, the 
conclusion of the reaction, in the particular case 
K=kh,/k2=10~. Noteworthy is the extreme abruptness 
of the cutoff for chain lengths m exceeding 

x,,= 3X 10°= 1570. 


138 Note that K here defined is not the same as K used in Sec. 3. 
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Indeed, for x=x,, the distribution approximates 
roughly to a quarter sine wave: 


M,/M°=K sinKin; 0<K'n<4r 
M,/M°=0; K'in>3r. 


5. FIRST-ORDER INITIATION INDEPENDENT OF 
MONOMER 


The examples so far considered have involved only 
simple applications of the lemma of Sec. 1. A more 
complicated problem which better illustrates the power 
of the method is afforded by the reaction requence 


I->2M,; ky. 
Propagation: M,+M—-May; ke. 


Initiation: 


Termination: none. 


Activated molecules M, are produced by the first- 
order decay of an initiator J and are then built up into 
long chains by repeated addition of monomer. The 
kinetic equations to be solved are 


(d/dt)I=—kyl, 
(d/dt)M,=2k,I —kxMM,, 


(d/dt)M,=kx.M(Mni1—M,); n>1, 


(d/dt)M=—k,M >-M,, (19) 
1 

and these are to be integrated under the initial condition 
I=I°, M=M°, M,=0 at t=0. The device employed 
in Secs. 3 and 4 of linearizing the equations by changing 
the independent variable is not available to us here, 
but the equations may still be solved in terms of a 
function 


t 
F(t) =k / Mdt. (20) 
0 


Let there be defined also a generating function 


G(s, t) = }os"M. (21) 


Then the second and third of Eqs. (19) are contained 
in the single differential equation for G 
(0/dt)G=(s—1) F’(t)G+2skil, 


whose solution for G(s, 0) =0 is 


t 
G(s, 1) =2skif (9) exp{ (s—1)[F(t)—F() }}dn. (22) 
0 


Picking out the coefficient of s"*', 
t 
May =2h(n!)1f I(n) (F(t) —F(n) }" 
0 
X exp{—[F(t)—F(n) ]}dn. (23) 


While formally correct, Eq. (23) is of no practical 
use until F is analytically defined in terms of known 
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functions. Turning to the last of Eqs. (19) we observe 
that it may be rewritten 


(d/dt)M =—k,MG(1, t). 


Substituting from (22), it follows that 


M/M°= exp[—2kik» / ‘(t—n)I(n)dn}. (24) 


The reader should note at this point that through (20), 
(23), and (24), the number density distribution M, 
and time dependence of monomer M are completely 
defined for any arbitrary choice of initiator concentra- 
tion J. This integration scheme is therefore suitable for 
the investigation of a variety of initiation mechanisms, 
so long as initiation is independent of monomer 
concentration. 

In the case in hand, of course, the first of Eqs. (19) 
requires the rate of initiation to be exponential J/J°= 
exp(—&,t), and by substitution into (24) there results 
M/M°= exp{ — (2kel°/ki) [kit—1+ exp(—Ait) ]} (25) 
for the complete time dependence of monomer. At 
large times, (25) predicts an exponential decrease in 
monomer concentration, so that a plot of In M/M® 
against time will be asymptotically linear of slope 
— 2k.I® and intercept 2k2J°/k;. 

By substitution of (25) into (20) we are now in a 
position to derive an explicit formula for F, but before 
so doing, let us transform to dimensionless variables 


x=kit; €=ki; a=2kel/k; o=k2M°/h. 
Then 
hits exek ~ale~t+erF 


F(t) =f(x) =oh(x, a) 
=o expL—a(x—1+e*) dx. (26) 
0 


The integral h(x, a) occurring in the last member of 
(26) is expressible in terms of the confluent hyper- 
geometric function" V(a, c, x), 
h(x, @) =aN (1, 1+a, a) —a™ exp[—a(x—1+e7) ] 
XN (1, 1+a, ae), (27) 
although in the special case a=1 it reduces to 
h(x, 1) = exp(1—e™*) -1. (28) 


Re-expressing (23) in this notation and applying our 
lemma, we have in the limit of large a number density 
distribution 


M,,=o7l"e~ expa(O—1+e*) [1+ erf f(@) /(2n)*], 
(29) 
u rw N (a, c, x) I denote the function given the symbol M by 
n 


E. Jahnke and F. Emde, Funktionentafeln (Dover Publications, 
New York, 1945), p. 275. 
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Fic. 4. Number density distribution for the mechanism of 
Sec. 5 with a=2hkol°/ki=1; o=k2M®/ki = 1000; too. 


in which 0 is the algebraic root for fixed x and of 
f(9) =f(x) —n. 


The distribution (29) is plotted in Fig. 4 for the case 
a=1, c=1000, infinite time x=k,t—-~. Roots 0 were 
calculated by constructing a table of f(«) from (26) 
and (28) and interpolating between the tabulated 
values of x. It is worth pointing out that for this calcu- 
lation the tabulation must be extended to negative 
values of x to allow for the possibility that 6 can be 
negative. As in our previous examples, the distribution 
is characterized by a sharp cutoff which occurs at the 
particular value 9=0 when f(x) =n. 

Molecular weight averages are calculated from the 
moments of the distribution, and these in turn are 
obtainable directly from the generating function (21), 
(22) by standard operations. In the limit of large o, 
which is the only case for which long chains are pro- 
duced, the moments for all but infinitesimal x are 


po/1°=2(1-—e*), 
wi/1°= (26/a)[1— exp{|—a(x—1+e~*) } ], 
p2/1°= (40?/a) (h(x, a) —h(x, 2a) J, 


(30) 


(31) 


and from these the number average Py=yi/uo and 
weight average P,,=y2/u; molecular weights are defined 
as functions of time x=h,t. Some calculations of the 
heterogeneity P,,/Py—1 of the polymer for various 
values of a=2k2/°/k, are plotted in Fig. 5. The param- 
eter a is a measure of the relative importance of two 
competing rate processes, the rate of disappearance of 
monomer and the rate of disappearance of initiator. 
For a>1, the reaction runs out of monomer while still 
appreciable quantities of initiator are present, so that 
the initiation of new chains is proceeding even towards 
the end of the reaction, and the heterogeneity of the 
product increases with time. For a<1, however, 
initiator has all but disappeared towards the end of 
the reaction; and continued addition of monomer to 
existing chains not only builds up a high molecular 
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Fic. 5. Inhomogeneity Pyw/Py—1 as a function of time for 
the mechanism of Sec. 5. 


weight but also slowly reduces the heterogeneity of 
the product. 


6. OTHER REACTION MECHANISMS 


The examples so far considered have neglected any 
mention of important termination reactions such as the 
combination or disproportionation terminations of 
interest in vinyl polymerizations. These cases have 
been treated by Bamford and Tompa,’ and while all 
of their results can be recovered by the present tech- 
nique, there seems to be no point in repeating the 
exercise. 

7. DISCUSSION 


The problems which have been worked in Secs. 3 
through 5 are examples of Szwarc polymerizations for 
which a termination reaction is absent. The resulting 
number density distributions are all characterized by 
abrupt cutoffs above a certain sharply defined chain- 
length, and it is of interest to inquire as to the reason 
for this behavior. A glance at the integral form of the 
number density distributions M, is suggestive, for 
before approximate evaluation by the method of 
steepest descents all of them have the form 


M,~( nf @@LI@)-FOP exp{ —[ f(x) —f(£) ]} dé, 
0 


(32) 


in which g(x) is derived from the initiation mechanism. 
This is true even for the simplest case of Flory! con- 
sidered in Sec. 3, for which all initiations occur in the 
first few instants of the reaction, following which there 
is uninterrupted chain growth. His distribution is 
given exactly by Eqs. (4), but the same result may also 
be written 


zx 
M,~n! if 6(&) (w—£)" expl[— (x—&) dé, 


0 
in which 6(£) is the Dirac delta function. The single 
impulse 6(x) of initiations which gives rise to the 
Poisson distribution,‘ is for more protracted initiation 


mechanisms replaced by the source density g(x) in 
(32). The factor 
(m!)L f(x) —f(E) expt -LF(*) —F(€) J} 

which occurs in these integrals thus has the nature of 
a Green’s function, and the integrals are linear super- 
positions of initiations occurring with different fre- 
quency at different times during the course of the 
reaction. In the examples treated, the number of 
initiations decreases steadily with time as the supply 
of monomer is exhausted. The final number distribu- 
tions therefore start in the low molecular weight region 
with those chains which were initiated towards the 
end of the reaction and climb steadily towards those 
which were initiated at the very start. After this there 
is an abrupt cutoff. In the event that there is an im- 
portant termination reaction, such as the chain transfer 
reaction of Sec. 3 or the termination reactions men- 
tioned briefly in Sec. 6, chains are terminated long 
before the supply of monomer is exhausted, and the 
abrupt cutoff disappears. This behavior can be stated 
more simply (and more approximately) if we neglect 
the small amount of statistical scatter implicit in the 
Poisson distribution and in (32) replace the sharply 
peaked quantity 


(mn!) f(x) —f(&) J" exp{ —L f(x) —f(8) J} 
with 


aL f(x) —n—f(€) ]. 
u~| g()6L f(x) —n—f(&) dé. 
0 
We have immediately 


M,~g(0)/f' (9) 
M,~0 


for 0<n<f(x), 

for n>f(x), (34) 

which is an approximate form of Eq. (2). 
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APPENDIX 
We wish to obtain an approximate evaluation of 
the integral 


Jn(x) =( nt) [OLA —f(é) } 
X exp{—Lf(x)-s(6) dé, (35) 


in which f(x) is a monotonically increasing function 
and both f’(x) and g(x) are slowly varying functions 
over the range of integration. First transform the 
variable of integration to z=f(x)—f(é), 


1elE(x, 2) ] 
jn(a) ant f HEC Donde 
8 hfe 


Because f(x) is monotonically increasing, the factor 


(36) 
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2"e~* which occurs in the integrand of (36) will possess 
a single maximum occurring at z=n which may or 
may not fall within the range of integration. If m is 
large, the maximum will be very pronounced and will 
dominate the behavior of the integrand in its immediate 
neighborhood. It is therefore profitable to consider an 
expansion of the integrand in the neighborhood of 
z=n. We write 
(g/f’)2"e-*=[g(0)/f’(O) Jn"e exp[—(z—n)?/2n+-++], 
(37) 
in which for m large and g and f’ slowly varying the 
higher terms are negligible. The quantity 0 is that 
value of € which makes z=n for fixed x, i.e., it is the 
(single) root of 


f(O) =f(x) —n. (38) 


Substituting (37) into (36) and expressing the re- 
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maining integral in terms of error functions, 
J,(x)—n!"!(2xn) nee (0) /f’ (0) ] 
{1+ erff f(x) —n ]/(2n)}}. 


It remains only to replace the factorial with its Stirling 
approximation and to modify the argument of the error 
function in view of (38) to obtain the result (2) re- 
ported in the text. The behavior of the error function 
in the neighborhood of {(@) =0, which is to say when 
f(x) =n, acts as a cutoff for the integral, so that 
Jn(x) for n>f(x) is very much smaller than J,(x) 
when n<f(x). Technically what has happened in this 
case is that the maximum at z=” in (36) has for 
n>f(x) moved outside the range of integration. 
Equation (2) is then no longer a good approximation 
to the true value of J,(«), but in applications this 
does not matter for the integral is for all practical pur- 
poses equal to zero. 
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Experimental thermal conductivity data for nitrogen, air, carbon dioxide, oxygen, methane, nitric oxide, 
and hydrogen have been interpreted in terms of Eucken and Hirschfelder theories. The departure from these 
theories is attributed to the relaxation of internal energy. At present only a qualitative comparison is pos- 
sible between the information derived here and that obtained from the studies on the propagation of ultra- 
sonic and shock waves. However, it seems possible to develop a quantitative interpretation for carefully 
planned thermal conductivity data. Only hydrogen shows an anomalous behavior which is attributed to the 
uncertainties in the experimental data. This view receives confirmation from the data on binary mixtures of 
inert gases with hydrogen, and also from an analysis of helium. 


I. INTRODUCTION 


T is now a common practice! to use experimental 

data of the various properties of gases to investi- 
gate the appropriateness of the Chapman-Enskog 
theory? and the nature of the intermolecular forces. In 
most of the investigations only a coupled information 
about these two points is obtained. The validity of the 
theory is presumed and then the interpretation of the 
experimental data throws light on the adequacy of the 
intermolecular potential, or vice versa. In recent years, 
some progress has been achieved in adopting procedures 
which result in comparatively more independent in- 
formation regarding the suitability of either theory or 
the intermolecular potential. Scattering experiments® 


1 J. O. Hirschfelder, C. F. Curtiss, and R. B. Bird, Molecular 
Theory of Gases and Liquids (John Wiley & Sons, Inc., New 
York, 1954). 

2S. Chapman and T. G. Cowling, Mathematical Theory of Non- 
Uniform Gases (Cambridge University Press, New York, 1952), 
2nd ed. 

3E. A. Mason and J. T. Vanderslice, Atomic and Molecular 
Processes, edited by D. R. Bates (Academic Press Inc., New 
York, to be published), Chap. 17. 


of high-velocity neutral molecules supply information 
about the short-range intermolecular forces. Formulas 
have been derived‘ which interrelate the different 
properties, but do not essentially involve a detailed 
knowledge of the intermolecular forces. These exten- 
sive investigations have established that within the 
limitations of the various assumptions involved, the 
general theoretical expressions are quite accurate. The 
theory of thermal conduction as applied to polyatomic 
gases is of special interest in investigating the role of 
internal degrees of freedom in the mechanism of heat 
transfer. The theoretical understanding of these 
processes is also very much limited and extensive 
critical comparisons with the experimental data are 
necessary to assess the appropriateness of the available 
theories. To aid in this direction, we have analyzed 
here the thermal conductivity data for nitrogen, air, 
carbon dioxide (300° to 1300°K), oxygen, methane, 


4S. Weissman, S. C. Saxena, and E. A. Mason, Phys. Fluids 3, 
510 (1960) ; S. C. Saxena, J. G. Kelley, and W. W. Watson (to be 
published); references to earlier work are given in the latter 
paper. 
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TaBLeE I. Comparison of the calculated and experimental Eucken factors as a function of temperature for nitrogen, air, and 
carbon dioxide. 
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nitric oxide (300° to 573°K), and hydrogen (100° to 
2000°K). The thermal conductivity data for helium 
along with the available experimental viscosity and 
second virial coefficient have also been examined. 


II. THERMAL CONDUCTIVITY OF POLYATOMIC GASES 


The theoretical expression for thermal conductivity 
of a pure polyatomic gas becomes complicated because 
of the presence of internal degrees of freedom, viz., 
rotation and vibration. Eucken® was the first to propose 
such a formula from more or less intuitive arguments. 
He assumed that there is no interaction between 
translational and internal energies so that the transport 
of translational energy is unaffected by the presence of 
internal energy. His expression is 


A/N°=§+4C,/15R=fe, (1) 


where \ is the coefficient of thermal conductivity of 
the gas, \° is the value of \ that would be obtained if 
all the internal degrees of freedom were “frozen,” C, 
is the molar specific heat of the gas at constant pres- 
sure, and R is the usual gas constant. 

Recently Hirschfelder® has advanced a much clearer 
picture of the whole process and derived an expression 
for \ under well-defined approximations. According to 
this theory, 


d/d=1+8/[ (2C,/5R) —1] =fn, (2) 


in which 
AQ 2.2)*/5QU.D* (3) 


where 2% * is the usual reduced Chapman-Cowling 
collision integral.’ In this derivation the major assump- 
tions, which are pertinent to our discussion here, are: 
(a) various energy states are in local thermodynamical 
equilibrium which implies that all reactions including 
rotational-translational vibrational-translational 


and 


5 A. Eucken, Physik. Z. 14, 324 (1913); See also reference 1, 
pp. 498-501; and reference 2, pp. 237-242. 
6 J. O. Hirschfelder, J. Chem. Phys. 26, 282 (1957). 
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transfers are fast, and (b) for polyatomic molecules 
which are not electronically excited, the diffusion co- 
efficients are identical for different molecular quantum 
states even though they are in different states of 
excitation. 

These two derivations, Eqs. (1) and (2), then repre- 
sent the two extreme possibilities for the equilibration 
of the internal degrees of freedom with translational 
motion. Equation (1) implies no interaction at all while 
Eq. (2) implies a rapid adjustment. Information about 
the rate of transfer of internal energy is obtained from 
various sources, such as propagation of plane ultra- 
sonic waves, shock waves, pressure broadening of 
microwave spectra, etc. All these investigations lead to 
the same conclusion—that the rate of transfer of in- 
ternal energy is slow and varies from molecule to 
molecule. The assumption (a) of Hirschfelder’s theory 
will, therefore, tend to make the value of the Eucken 
factor as calculated according to Eq. (2), fu, always 
greater than its experimentally determined value 


fexpti: This is actually the case as demonstrated by 


Srivastava and his collaborators’ for hydrogen, nitro- 
gen, and oxygen around room temperature. Wael- 
broeck and Zuckerbrodt® also found it essential to 
postulate the existence of rotational-translational re- 
laxation times in order to interpret their thermal con- 
ductivity data for hydrogen and oxygen as a function 
of pressure. 

Calculated values of fg and fy according to Eqs. (1) 
and (2), respectively, for nitrogen, air, and carbon 
dioxide in the temperature range 300° to 1300°K are 
reported in Table I. C, values are given by Hilsenrath,® 
while 6, values by Hirschfelder.’ 6; was calculated at 
7 (a) B. N. Srivastava and R. C. Srivastava, J. Chem. Phys. 
30, 1200 (1959); (b) B. N. Srivastava and A. K. Barua, ibid. 
32, 427 (1960); (c) A. K. Barua, Physica 25, 1275 (1959); 


(d) Indian J. Phys. 34, 169 (1960). 

8 F. G. Waelbroeck and P. Zuckerbrodt, J. Chem. Phys. 28, 
524 (1958). 

9J. Hilsenrath, American Institute of Physics Handbook, 
edited by D. E. Gray (McGraw-Hill Book Company, Inc., New 
York, 1957), Chap. 4. ; 
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TABLE II. Comparison of the calculated and experimental Eucken factors as a function of temperature for oxygen, methane 
and nitric oxide. 
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1.32 
1.39 
1.44 
1.48 


different temperatures assuming the Lennard-Jones 
(12-6) interaction potential and parameters given by 
Hirschfelder, Curtiss, and Bird.’ The fexpti values of 
Table I were computed by dividing the experimental 
\ values by A’, the latter being determined according 
to the following relation: 


N= (15R/4M) nexpti- (4) 


Here M is the molecular weight of the gas and expti is 
the experimental coefficient of viscosity. Smoothed ex- 
perimental values of \ for No and CO, as reported by 
Rothman," and for air by Bromley,” have been used. 
All the available experimental viscosity data’ for nitro- 
gen, air, and carbon dioxide were plotted and the values 
at the required temperatures were read from the smooth 
curves. Similarly values of fe, fu, and fexpt: Were com- 
puted for oxygen, methane, and nitric oxide in the 
temperature range 300° to 573°K and are listed in 
Table II. Heat capacity data of Hilsenrath® for oxygen 
and of Kelley" for methane and nitric oxide were used. 
\ values for oxygen, methane" and nitric oxide” were 
taken from the literature and graphically interpolated 
at the temperatures of Table II. The available viscosity 
data'* for these gases were also plotted and smoothed 
values read from the graphs directly. 
III. DISCUSSION OF RESULTS 

For all six gases of Tables I and II we find that fg is 
less than fexpti. This is because in polyatomic gases 
translational and internal energies interact, contrary 
~ 1 Reference 1, p. 1111. In each case the second listed value of 
e/k is used. 

1A, J. Rothman, Rept. UCRL-2339 (1954). See also A. J. 
Rothman and L. A. Bromley, Ind. Eng. Chem. 47, 899 (1955). 

2L. A. Bromley, Rept. UCRL-1852 (1952). 

13 (a) M. Trautz and R. Zink, Ann. Physik 7, 427 (1930), 
(Nz and CO.); (b) E. Rammler and K. Brietling, Wiirme 60, 
620 (1937); (c) H. L. Johnston and K. E. McCloskey, J. Phys. 
Chem. 44, 1038 (1940); (d) A. Eucken, Forschung 11, 6 (1940); 
(e) V. Vasilesco, Ann. Physik 20, 292 (1945); (f) F. G. Keyes, 
Trans. Am. Soc. Mech. Engrs. 73, 589 (1951), [(b) through (f), 
Ne, CO: and air]; (g) C. P. Ellis and C. J. G. Raw, J. Chem. Phys. 
30, 574 (1959) (Ne); (h) W. G. Shilling and A. E. Laxton, Phil. 
Mag. 10, 721 (1930), (air); (i) M. P. Bremond, Compt. rend. 
196, 1472 (1933), (air). 

“4K. K. Kelley, U. S. Department of the Interior, Bureau of 
Mines, Bull. 476 (1949). 

1H. L. Johnston and E. R. Grilly, J. Chem. Phys. 14, 233 
(1946) ; H. Chaung, Rept. UCRL-8230 (1958). 

16 F, G. Keyes, Trans. Am. Soc. Mech. Engrs. 76, 809 (1954). 

17 W. C. Gardiner and K. L. Schafer, Z. Elektrochem. 60, 588 
(1956). 

18 References 13(a), 13(b) (Os, CH4); 13(c), 13(d) (Ov, NO, 
CH,); 13(g) (NO); C. J. G. Raw and C. P. Ellis, J. Chem. Phys. 
28, 1198 (1958) (Oz). 
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to what is assumed in deriving fg. On the other hand, 
fu values are always greater than fexpt1. This trend can 
be explained assuming the slow transfer rate for inter- 
nal energy mentioned in Sec. II. An excellent account 
of the relaxation phenomena in gases and the various 
methods employed to measure it, is given by Herzfeld. 
Over the temperature range in which we are interested, 
the electronic excitations are negligible, but both rota- 
tional and vibrational effects are important. We will 
now consider the gases individually. 

For all the three gases, nitrogen, oxygen, and air, 
only rotational effects are important at and around 
room temperature, while vibrational effects will have a 
negligible contribution. Measurements by Greene and 
Hornig” of shock-front thicknesses in various gases 
reveal that equilibration of rotational with translational 
energy is quite rapid for nitrogen and oxygen. About 20 
collisions are required for this equilibration. Oxygen 
and nitrogen behave in the same way, although oxygen 
seems to relax somewhat more slowly. It is for this 
reason that Hirschfelder’s theory® gives a reasonable 
agreement with the experimental data. Although the 
departure of fi from fexpti is in the right direction to 
be explained by the relaxation theory, the magnitude 
is only of the order of uncertainties in measurement of 
experimental values of \ and C,. In fact, greater relaxa- 
tion effects should be observed with increasing tempera- 
tures—Parker®! finds for homonuclear molecules, the 
number of collisions required for rotational—transla- 
tional equilibration (Zp) is a gradually increasing func- 
tion of increasing temperature. As the temperature is 
increased, vibrational-translational equilibration also 
becomes important and should exhibit appreciable 
effects around and above 1000°K. The rate of transfer 
of vibrational energy is comparatively slower. Thus" 
for oxygen, air, and nitrogen about 10° to 10’ collisions 
are required for equilibration. According to Parker 
the number of collisions required for vibrational transla- 
tional equilibration (Z,,) is a rapidly decreasing function 
of increasing temperature. There is also some experi- 
mental evidence™.® to support this conclusion. For air 


19K. F. Herzfeld, Thermodynamics and Physics of Matter, 
edited by F. D. Rossini (Princeton University Press, Princeton, 
New Jersey, 1955), Sec. H. 

20 E. F. Greene and D. F. Hornig, J. Chem. Phys. 21, 617 
(1953); V. H. Blackman, J. Fluid Mech. 1, 61 (1956); S. J. 
Lukasik and J. E. Young, J. Chem. Phys. 27, 1149 (1957); 
M. Camac, ibid. 34, 448 (1961). 

21J. G. Parker, Phys. Fluids 2, 449 (1959). 
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and nitrogen entries of Table I also show a pronounced 
vibrational relaxation at high temperatures. 

Carbon dioxide is particularly important, for even 
at room temperature it has appreciable vibrational 
energy,” while at 1300°K about two-thirds of its 
energy is only internal. For this triatomic linear 
symmetrical molecule, relaxation time has been experi- 
mentally investigated by a number of workers.’ 
Gustavson* found from his experiments on the impact 
tube that 22000 collisions (Z) are needed for the 
equilibration of internal and translational energies, 
while Angona”® finds Z=52 000 from absorption meas- 
urements. Eucken and Becker*® determined the tem- 
perature dependence of Z and found it to decrease from 
100 000 to 23000 as the temperature increased from 
241° to 415°K. For polyatomic molecules, which possess 
several vibrational degrees of freedom, additional 
difficulties arise, as alternative mechanisms are possible 
for excitation viz. series, parallel, or a combination of 
the two. Buschmann and Schafer” have also found the 
contribution of triple collisions to be important for 
carbon dioxide. Fogg and Lambert” have calculated Z 
assuming that vibrational activation enters via the 
mode of lowest frequency (series excitation). As pointed 
out by Corran et al.,”® there is a mistake in these calcula- 
tions, and we find that the correct value is 21 029. This 
is in reasonable agreement with the results of Eucken 
and Becker.” 

Thus, we find that vibrational-translational equilib- 
ration is faster for carbon dioxide than nitrogen and 
oxygen. In view of the fact that carbon dioxide possesses 
appreciable vibrational energy even at room tempera- 
ture, fy would be expected to be significantly higher 
than fexpti. The data of Table I do not possess this 
trend and indeed Hirschfelder’s theory gives a very 
reasonable agreement with the experimental data. The 
source of this discrepancy can not be traced in the 
assumption (b) of Hirschfelder’s theory either, as this 
will further reduce fy. The reason is that for the excited 
species the collision diameters are larger and hence the 
diffusion coefficients smaller. In fact, this may be 
taken as evidence of the validity of the assumptions 
involved in Hirschfelder’s theory. The lack of quantita- 
tive agreement may be characteristic of the nature of 
this molecule and should be further investigated when 
more detailed and precise information 
available. 

Methane is very similar to carbon dioxide in content of 


becomes 


2 R. H. Fowler, Statistical Mechanics (Cambridge University 
Press, New York, 1955), Chap. III. 

23E. F. Smiley and E. H. Winkler, J. Chem. Phys. 22, 2018 
(1954). 

*4M. Gustavson, Ph.D. thesis, Cornell University (1952). 

25 F, A. Angona, J. Acoust. Soc. Am. 25, 1116 (1953). 

26 A. Eucken and R. Becker, Z. physik. Chem. B27, 235 (1935). 

*7K. F. Buschmann and K. Schafer, Z. physik. Chem. B50, 73 
(1941). 

* P. G. T. Fogg and J. D. Lambert, Proc. Roy. Soc. (London) 
A232, 537 (1955). 

*P. G. Corran, J. D. Lambert, R. Salter and B. Warburton, 
Proc. Roy. Soc. (London) A244, 212 (1958). 
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internal energy. Eucken and Aybar® found from absorp- 
tion and dispersion measurements, Z = 8400 at 382°K, 
5700 at 473°K, and 3400 at 625°K. Griffith reports 
Z=4400 at 303°K as determined by the jet method.” 
Recent experimental values given by Cottrell and 
Martin® and Edmonds and Lamb* are in agreement 
with Eucken and Aybar. We find Z=5781 at 298°K, 
using the theoretical expression given by Corran ef 
al. and experimental data of Edmonds and Lamb.** 
Computed values of Cottrell and Ream* also agree 
well with the experimental data. Consequently, we can 
infer that methane equilibrates at a faster rate than 
carbon dioxide (which increases as the temperature 
increases). Experimental data of Table II follow this 
trend. 

Nitric oxide, unlike carbon dioxide and methane, 
has negligible vibrational energy near room tempera- 
ture and even at 573°K only about 6% of the total 
energy is vibrational. Approximately 1000 collisions" 
are required for internal energy equilibration at 400°K. 
Thus, the relaxation effects here should be less pro- 
nounced than in carbon dioxide and methane. Numbers 
of Table II follow this trend only qualitatively in as 
much as they exhibit the relaxation of internal energy— 
though the magnitudes are not consistent with our 
anticipations. 


IV. RESULTS AND DISCUSSION FOR HYDROGEN 


The case of hydrogen gas is of special interest, for 
extensive experimental measurements are available 
over a wide temperature range where both rotational 
and vibrational energies may have pronounced effects. 
Up to around 500°K, vibrational effects are unimpor- 
tant and only rotations are to be considered. Most of 
the information about the relaxation of rotational 
energy is summarized by Herzfeld.” In terms of the 
number of collisions, the jet method gives Z= 155-172 
at 284-287°K and Z=205 at 207°K, while the disper- 
sion method yields Z=260. Shock wave measurements 
of Greene and Hornig” indicate that more than 150 
collisions are required for rotational-translational 
equilibration. 

Hydrogen molecules possess very little vibrational 
energy and even at 2000°K only about 13% of the 
total energy is vibrational, and consequeutly the 
population of the higher vibrational levels is negligible. 
According to Herzberg® the ratio of the number of 
molecules in the first to that in the zeroth vibrational 
level at 1000°K is about one million times greater than 
at 300°K. The corresponding ratio is about one thou- 


3 A. Eucken and L. Aybar, Z. physik. Chem. B46, 195 (1940). 

31 W. Griffith, J. Appl. Phys. 21, 1319 (1950). 

2 T. L. Cottrell and P. E. Martin, Trans. Faraday Soc. (Lon- 
don) 72, 940 (1958). 

33 P. D. Edmonds and J. Lamb, Proc. Phys. Soc. (London) 72, 
940 (1950). 

4T. L. Cottrell and N. Ream, Trans. Faraday Soc. 51, 159, 
1453 (1955). 

%G. Herzberg, Molecular Spectra and Molecular Structure 
(D. Van Nostrand Company, Inc., Princeton, New Jersey, 1955), 
Vol. I, pp. 122-124. 
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sand for nitrogen and oxygen. This is obviously because 
of the wide differences in the vibrational quantas of 
these gases. Thus, for hydrogen the vibrational effects 
will be pronounced only at very high temperatures, and 
to our knowledge no experimental investigation has 
yet been reported on the relaxation of vibrational- 
translational relaxation for this gas. The experimental 
thermal conductivity has been determined by a number 
of workers, but over an appreciable temperature range 
only by Gregory, Johnston and Grilly,” Varhaftik 
and Parfenov,® and Blais and Mann.* The data of 
these four groups are plotted in Fig. 1. The fexpti values 
of Table III, characterized by the superscripts 37, 38, 39, 
and a, were calculated according to the experimental 
values of references 37, 38, 39, and interpolated values 
of 38 and 39, respectively. \° values up to 1100°K were 
generated from the experimental viscosity data‘ in 
conjunction with Eq. (4), and values above this were 
calculated according to the exp-six potential with the 
parameters given by Mason and Rice.*! Rammler and 
Brietling® viscosity data were not considered for 
hydrogen and also for other gasses of Sec. ITI, as their 
values are consistently in disagreement with the data 
of other workers in the overlapping temperature range. 
Heat capacity data up to 250°K were taken from refer- 
ence 9, while above this temperature were taken from 
reference 14. 6; values were computed according to 
Eq. (3) and for the exp-six potential.“ All these values 
of fe, fu and fexpti are given in Table III. In Fig. 1 we 
have drawn the theoretical curves of \ calculated ac- 
cording to Eq. (2) using the exp-six potential (curve 


a 
°o 
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Fic. 1. Thermal conductivity of hydrogen as a function of 
temperature. Curve A is calculated according to the exp-six 
potential while B for a purely exponential potential. Experi- 
mental data: @ Varhaftik and Parfenov, O ‘eben and Grilly, 
X Gregory, and §§ Blais and Mann. 

% H.S. Gregory, Proc. Roy. Soc. (London) A149, 35 (1935). 

7H. L. Johnston and E. R. Grilly, J. Chem. Phys. 14, 233 
(1946). 

3 N. B. Varhaftik and I. D. Parfenov, J. Exptl. Theoret. Phys. 
(U.S.S.R.) 8, 189 (1938). 

9 N. C. Blais and J. B. Mann, J. Chem. Phys. 32, 1459 (1960). 

40M. Trautz and collaborators, Ann. Physik 2, 733 (1929); 7, 
427 (1930); 5, 561 (1930); 20, 118, 121 (1934); R. Wobser and 
F. Miller, Kolloid Beih. 52, 165 (1941); References 13(b), 
13(c), 13(d). 

41 E. A. Mason and W. E. Rice, J. Chem. Phys. 22, 522 (1954). 
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TABLE ITI. Comparison of the calculated and experimental Eucken 
factors as a function of temperature for hydrogen. 
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® Interpolated from references 38 and 39. 


A), and a purely exp potential (curve B) given by 
Mann.® In either case, \° values were calculated ac- 
cording to the theoretical expression for monatomic 
gases. 

The fexpti values for hydrogen are systematically 
higher than fy values except those obtained in con- 
junction with A values of Johnston and Grilly.” Almost 
all the latter fexpt: values lie between fe and fy like most 
of the other gases discussed in Sec. III. Recent measure- 
mends 74 at 30° and 45°C indicate that Johnston and 
Grilly® values are somewhat lower, but still not as much 
as it appears from the data of references 36 and 38. 
Srivastava and Barua* have corrected the Johnston 
and Grilly data* on the basis of their own’4 work and 
have found relaxation effects in the temperature range 
254.4° to 341.3°K. They have also given an approxi- 
mate theory and calculated the number of collisions 
required for rotational-translational equilibration from 
this corrected data and found values in reasonable 
agreement with those obtainedJby other methods. In 
this temperature range (100-350°K) pronounced re- 
laxation effects are expected as the rotational energy 
just keeps building up.” Although the data of refer- 
ences 36 and 38 lead to the contrary, it also seems a bit 
unlikely that a theory which explains data for so many 


#2 J. B. Mann, Los Alamos Scientific Laboratory Rept. LA- 
2383 (1959). 

43B. N. Srivastava and A. K. Barua, Proc. Phys. Soc. (Lon- 
don) (to be published). 
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Fic. 2. Thermal conductivity of helium as a function of tem- 
perature. Curve A is calculated according to the exp-six potential 
while B for a purely exponential potential. Experimental data: 


O Kannuluik and Carman, @ Johnston and Grilly, -@- von 
Ubisch, + Rothman, X Saxena, and {J Blais and Mann. 


gases will fail altogether for hydrogen. Gregory’s* 
data, which are consistently higher than Varhaftik and 
Parfenov,® show a different trend around 550°K— 
leveling out rather than increasing steeply with tem- 
perature. The high-temperature data of Blais and 
Mann® also lead to values for fexpt1 which are system- 
atically higher than fy values. Because of the appear- 
ance of vibrational relaxation, increased relaxation 
effects are expected in this temperature range, while in 
actual practice we find the opposite trend—fg values 
are always less than fexpt: values, like other gases. 

This anomalous behavior of hydrogen is hard to 
understand and the uncertainties and inconsistencies of 
the A values of various groups make it rather doubtful. 
The values® in 1200° to 2000°K range were determined 
by an elegant use of a conventional thermal diffusion 
column. Since the technique is still not quite established 
and the various procedures involved can be much more 
uncertain than the precision of the measurements, we 
conclude that this anomalous behavior may be just 
due to the reported data for thermal conductivity being 
too high. Further evidence for this view stems from the 
work of Srivastava and collaborators.”*4 They found 
that all the binary mixtures of hydrogen with inert 
gases at 30° and 45°C exhibit relaxation effects. Blais 
and Mann*® have measured the thermal conductivity 
of helium also in the same range. In the next section, 
we will analyze these data in conjunction with the 
available data on other properties to assess this 
possibility. 

V. THERMAL CONDUCTIVITY AND OTHER 
PROPERTIES OF HELIUM 


Experimental thermal conductivity data“ for helium 
are plotted in Fig. 2 and certain remarks concerning 


(a) W. G. Kannuluik and E. H. Carman, Proc. Phys. Soc. 
London) B65, 701 (1952); (b) S. C. Saxena, Indian J. Phys. 
31, 597 (1957); (c) H. von Ubisch, Arkiv Fysik 16, 93 (1959) ; 
d) references 11, 37, and 39. 
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these data are essential. The value at 959°K is stated 
to be unreliable and that at 793°K is estimated to be 
about 4% higher. Curve A represents the calculated 
values using the exp-six potential‘! while curve B 
represents calculated values using the purely ex- 
ponential potential of Amdur and Harkness,® and the 
collision integrals tabulated by Monchick.*® Experi- 
mental data of Blais and Mann® are systematically 
higher than the values predicted by the exp-six po- 
tential, but are in reasonable agreement with those of 
the purely exponential potential. In Fig. 3 are shown 
the experimental values” for viscosity as well as the 
calculated curves using these two potentials. It is inter- 
esting to note that the situation in this case is other 
way around. Exp-six potential values agree well with 
the experimental data while the purely exponential 
potential values are systematically higher. The former 
result is not surprising, as the potential parameters of 
the exp-six potential were determined in conjunction 
with the available viscosity and second virial data. 
The data for the second virial coefficient is available 
up to 1473°K and the purely exponential potential gives 
only a somewhat satisfactory agreement*® with the 
experimental data at higher temperatures, the dis- 
crepancy being less than 4% above 800°K. Exp-six 
potential gives a better agreement." 

Thus, at first sight, it is puzzling that the exp-six 
potential which gives values which agree with the 
second virial coefficient up to 1473°K, viscosity and 
thermal conductivity up to about 1000°K, will fail to 
give good agreement for \ values in 1200° to 2000°K 
range. Let us recall that the purely exponential po- 
tential was obtained by Amdur and Harkness*® by 
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Fic. 3. Viscosity of helium as a function of temperature. 
Curve A is calculated according to the exp-six potential while B 
for a purely exponential potential. @ Experimental data. 


45 J, Amdur and A. L. Harkness, J. Chem. Phys. 22, 664 (1954), 
Eq. (12) of this paper; (a) Eq. (10) of this paper. 

46 1, Monchick, Phys. Fluids 2, 695 (1959). 

47 J, Kestin and W. Leidenfrost, Physica 25, 537 (1959). 

48 FE, A. Mason and J. T. Vanderslice, Ind. Eng. Chem. 50, 1033 
(1958). 
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fitting this simple form to the potential energy values 
determined from scattering** in the molecular separa- 
tion range 1.27 to 1.59 A, and from viscosity and 
virial data in the range 1.90 to 2.30 A. Indeed, inter- 
‘ polation is the best way of determining the potential 
energy in the intermediate range (1.59 to 1.90 A) but 
actual difficulties may arise in choosing a simple form 
and a unique interpolation. Only one particular pro- 
cedure is represented by the work of Amdur and 
Harkness. It is quite likely that back extrapolation of 
the exp-six potential up to around 1.7 A, may be a better 
choice for representing the true interaction. This partic- 
ular interpolation has the advantage of reconciling all 
the experimental data available for various properties 
of helium with the measurements of interaction po- 
tential. Amdur and Mason* in their recent calculations 
of the properties of helium at high temperatures also 
use a somewhat similar interpolation for potential 
energy. This then implies that a purely exponential 
potential does not represent the correct potential 
energy curve and the agreement of the calculated values 
of A, assuming this potential with the high temperature 
thermal conductivity data,” may be fortuitous. We 
are, thus, led to the possibility that Blais and Mann®™ 
data may be systematically higher. It is again con- 
firmed by the fact that the purely exponential potential 
T. Amdur and E. A. Mason, Phys. Fluids 1, 370 (1958). 
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suggested by Blais and Mann® on the basis of the ther- 
mal conductivity data agrees rather poorly the avail- 
able viscosity data. The uncertainties are approximately 
similar to those obtained in connection with the purely 
exponential potential of Amdur and Harkness.” A 
redetermination of thermal conductivity in this tem- 
perature range with well established techniques will 
consequently be very useful. 


VI. CONCLUSIONS 


Thermal conductivity data show some promise in 
exploring the relaxation of internal energy for poly- 
atomic gases and especially its dependence on the 
temperature of the gas. However, in this work, only 
qualitative information could be derived from the 
available thermal conductivity data. Some additional 
information is needed for quantitative interpretation, 
such as the pressure dependence of the observed ther- 
mal conductivity, to disentangle the accommodation 
effects. It would also be very interesting to carefully 
determine the thermal conductivity of hydrogen, 
which unlike all other gases, shows an anomalous 
behavior. 
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Recalculation of the Surface Energies of Alkali Halide Crystals* 


G. C. BENSON 
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Previous calculations of the surface energies of the {100} and {110} faces of alkali halide crystals, includ- 
ing corrections for the relaxation of the outermost layer, have been repeated employing more recent values 
of the parameters describing the repulsion between the ions. The adoption of the new data overcomes some 
difficulties formerly encountered in considering the distortion of the surface region. 


INTRODUCTION 


HEORETICAL calculations currently being car- 

ried out in this laboratory are concerned with the 
depth of penetration of surface effects in ionic crystals 
(see Benson Freeman and Dempsey! for a preliminary 
report of this work). The model adopted considers the 
displacement and polarization of the ions in the first 
five layers at a {100} face of an alkali halide crystal 
with a sodium chloride structure and is a direct exten- 
sion of the model used by Benson, Balk, and White? 
for estimating the distortion in the outer layer alone. 


* Issued as N.R.C. No. 6571. 

1G. C. Benson, P. I. Freeman, and E. Dempsey, Advances in 
Chem. Ser. (to be published). 

2G. C. Bénson, P. Balk, and P. White, J. Chem. Phys. 31, 109 
(1959). 


Originally it was intended that the constants in the 
potential function defining the energy of interaction of 
a pair of ions, employed in the multilayer computations, 
should be the same as those used previously. Thus 
estimates of the distortion energy in the two investi- 
gations would be comparable and would also be com- 
patible with previous calculations of the surface energies 
of the undistorted crystals.’ Unfortunately numerical 
difficulties arose when the first multilayer calculations 
were attempted. In particular, using the same data for 
sodium chloride as in reference 2, no stable energy 
minimum could be found when two or more layers at 
the surface of a hemicrystal of this salt were allowed 
to relax. The failure to find an acceptable solution for 


3F. van Zeggeren and G. C. Benson, J. Chem. Phys. 26, 1077 
(1957). 





2114 G. 


TABLE I. Contributions of the different forces to the surface 
energy of an undistorted {100} face for the nearest neighbor 
spacing @min (listed in Table IT). All energies in erg cm™. 


Electro- Dipole- 


static 


Dipole- 


Dipole Quadrupole Repulsive 








970. la2s8 16.3 


459. ease 15.0 


—830. 
—344, 
14.1 —278. 


13.8 — 208.7 


KF 


KCl 


KI 


RbF 
RbCl 


—226. 
—129. 
—111. 


—89. 


RbBr ; 64.2 
RbI 57.8 59. 


a3 


CsF 288. 108. —197.6 


the multilayer distortion of sodium chloride is similar 
to the trouble noted previously in the one layer calcula- 
tions for lithium fluoride.’ Since an explanation of these 
failures may lie in the inadequacies of the data em- 
ployed, the adoption of different data was considered. 

Recently, Cubicciotti*® has published a new set of 
parameters for the overlap repulsion potentials of the 
alkali halides. These are based on a re-examination of 
the Born-Mayer-Huggins** treatment of ionic crystals, 
using the currently accepted value of the electronic 
charge (4.80210-" esu) and modern data for the 
compressibilities. It should also be remarked that 
Cubicciotti has departed somewhat from the original 
scheme of fitting the repulsion parameters and, instead 
of keeping the same value of p for all of the salts, has 
allowed p to vary for different anions. This procedure 
introduces three extra parameters which may in part 
account for the improved agreement of the electron 
affinities of the halogens derived via the Born-Haber 
cycle with those determined experimentally (cf. 
Pritchard”). 


4D. Cubicciotti, J. Chem. Phys. 31, 1646 (1959). 

5D. Cubicciotti, J. Chem. Phys. 33, 1579 (1960). 

6M. Born and J. E. Mayer, Z. Physik 75, 1 (1932). 

7M. L. Huggins and J. E. Mayer, J. Chem. Phys. 1, 643 (1933). 
8M. L. Huggins, J. Chem. Phys. 5, 143 (1937). 

9M. L. Huggins, J. Chem. Phys. 15, 212 (1947). 

1H. O. Pritchard, Chem. Rev. 52, 529 (1953). 
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It has been found that use of Cubicciotti’s values of 
the repulsion parameters leads to reasonable results in 
the two distortion calculations which formerly gave 
trouble. Although such evidence is indirect, it does 
appear that the new repulsion parameters together 
with the other data for the van der Waals’ coefficients" 
and electronic polarizabilities of the ions” form a more 
consistent set of constants than those used previously. 


RESULTS AND DISCUSSION 


In view of the considerations outlined above, the 
calculations of references 2, 3, and 13 were repeated 
using Cubicciotti’s repulsion parameters. Results for 
the surface energies of the undistorted {100} and {110} 
faces of the alkali halides are collected in Tables I and 
II. The distortion corrections, based on the relaxation 
of the ions in the outermost layer at the surface are 
summarized in Tables III and IV. As in the previous 
computations, the nearest neighbor separation used 
for each salt was calculated from the minimum of the 
cohesive energy curve at 0°K; the new values thus 
obtained are listed in Table II under the heading amin. 

Coniparison of the present results with those ob- 
tained previously shows that the new surface energies 
are larger in all cases. This is due to an increase in the 
value of o° and an accompanying decrease in the 
magnitude of Ao for each salt. The differences in ¢ 
are relatively smaller for salts with larger ions (either 
anion or cation); the biggest changes occur for the 
lithium halides. The surface energies of the {100} 
faces of these salts previously seemed unreasonably 
small and are now more in line with the values for the 
other alkali halides. Plots of o and of o° against dmin 
are approximately linear for salts with the same cation 
but the overall correlation illustrated for o° in Fig. 4 
of reference 3 is no longer evident. 

In Tables I and II the small differences in the dipole- 
dipole and dipole-quadrupole contributions from those 
given in reference 3 are due to the changes in the 
values of dmin. The new electrostatic terms reflect the 
same changes and in addition the adoption of the more 
up-to-date value of the electronic charge. However, in 
general the main difference in o° stems directly from 
the decrease in the absolute magnitude of the repulsive 
contribution. 

The displacements and dipole moments in Tables 
III and IV show relative trends in series of salts with 
a common ion similar to those displayed by the results 
of references 2 and 13. In most cases the dipole moments 
are not altered appreciably from the previous values. 
The new displacements are, for nearly all of the salts, 
smaller in magnitude than the old results and the per- 
centage change is fairly large in some cases. This is 
understandable, since the equilibrium configuration 

J. E. Mayer, J. Chem. Phys. 1, 270 (1933) 

2]. R. Tessman, A. H. Kahn, and W. Shockley, Phys. Rev. 
92, 890 (1953). 


13 G. C. Benson, E. Dempsey, and P. Balk, J. Chem. Phys. 34, 
157 (1961). 
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TABLE II. Contributions of the different forces to the surface energy of an undistorted {110} face for nearest neighbor distance @min. 
All energies in erg cm™*. 














Electro- Dipole- Dipole- 
static Dipole Quadrupole Repulsive 





1888.2 144.9 18.4 — 1089.2 962.3 
894.1 129.8 16.¢ —441. 599.2 
728.8 123.0 1S: —352. 515.1 
552. 1I?.S 14. — 260. 424.6 


1217. 96. ; —612. 711. 
671. 85. i - 296. 469. 
566. 84. od — 246.5 413. 
448 .: 82. , —191.: 


784. 102. ; — 369. 

484. 78.5 ; — 204.5 
73. : —173. 

342. 67. - — 138. 


—307.: 
— 180. 
—155. 


—125.: 


—266.§ 
—170. 
—150.: 


TABLE III. Results for the relaxation of the outermost layer at the {100} face. Displacements are in terms of dmin as a unit. 


My pe Ao o 1100 ° o 1100) 
és debye debye erg cm™? erg cm™? erg cm™? 


LiF —0.1123 —0.0538 —0.0162 0.5144 — 146.4 288.7 142 
LiCl —0.1084 —0.0047 —0.0101 . 2672 — 144.7 4 107 
LiBr —0.1132 0.0031 —0.0092 .5615 —140.5 3 86 
Lil —0.1154 0.0133 —0.0080 .9524 -126.4 - 73 








NaF —0.0351 —0.0210 —0.0877 .2616 —45.2 
NaCl —0.0518 0.0005 —0.0622 .7967 —52.7 
NaBr —0.0578 0.0061 —0.0580 0239 —54. 

Nal —0.0628 0.0148 —0.0521 3522 —52.! 


KF —0.0147 —0.0307 —0.3347 1825 —38. 
KCl —0.0275 —0.0090 —0.2358 .5677 —30. 
KBr —0.0322 —0.0047 —0.2198 7315 —29. 
KI —0.0364 0.0021 —0.1993 .9742 —27. 


RbF —0.0084 —0.0337 —0.4554 . 1634 —37.3 
RbCl —0.0212 —0.0120 —0.3233 .5132 —20. 
RbBr —0.0250 —0.0076 —0.3015 -6600 —25. 
RbI —0.0290 —0.2751 0.8777 —23. 


—0.0013 : —0.7515 0.1584 —44, 
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TABLE IV. Results fur the relaxation of the outermost layer at the {110} face. @min/V2 and dmin(2/3)? are used as units in stating the 


displacements for salts with NaCl and CsCl structures, respectively. 


Ms 
debye 


. 1368 


—0.0210 
—0.0137 
—0.0123 

.0105 


—0.2417 


—0.2282 —0.0587 


—0.2326 


.0467 


.2338 .0320 


. 1390 .1120 
.0489 


.0379 


. 1455 
1007 
.0922 


1372 
.1421 
. 1448 


.0232 


.0814 


.0810 
.0849 
.0896 


0923 .0307 


0640 .1100 
0548 
.0451 


.0327 


RbCl .0701 


.0739 


.0767 


0445 .1164 .0803 


0.0191 .0308 .6227 


0.0259 YE e 4 


0.0346 .5092 


must represent a rather delicate balance of forces. 
More extensive calculations for sodium chloride’ have 
shown that the relaxation of several layers farther 
inside the crystal has a significant effect on the con- 
figuration of the ions in the outer layer. This should be 
kept in mind when considering the results of the present 
single layer calculations; in particular, the magnitude 
of Ao computed here provides a lower limit to the value 
which would be obtained by allowing the relaxation to 
extend farther into the crystal. 

Finally, Balk and Benson™ have pointed out that 


ik and G. C. Benson,"J. Phys. Chem. 63, 1009 (1959). 


Ao 
erg cm™? 


o s110)° 


we 
debye erg cm™? erg cm? 


— 394.6 





. 6669 902. 568 
340 
280 


226 


. 5867 —259.1 599.2 
.9207 —234. 


las - ES 


8 


.4223 
. 1340 
.4092 


.7976 


. 3056 
.8732 
.0962 


4185 


.2744 
8017 
0093 


436. 
256. 


234. 


207. 


—34.8 
—31. 


experimentally determined surface enthalpies of both 
sodium chloride and potassium chloride are much larger 
than estimates based on the Born-Mayer theory of 
ionic crystals. The present recalculations tend to re- 
duce these differences but large discrepancies remain. 


ACKNOWLEDGMENTS 


I am indebted to Dr. P. I. Freeman and to Dr. E. 
Dempsey for helpful discussions of this work. Use of 
the computing facilities of the Analysis Section of the 
Division of Mechanical Engineering, N.R.C. is grate- 
fully acknowledged. 





THE JOURNAL OF CHEMICAL PHYSICS 


VOLUME 35, 


NUMBER 6 DECEMBER, 1961 


Unimolecular Rates Due to Multiple Critical Oscillators 
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In the first part it is shown that Kassel’s quantum model differs appreciably from the classical model in 
the description of the unimolecular pressure falloff behavior. In the second part the quantum model is ex- 
tended to encompass dissociation by the accumulation of energy in several critical oscillators. The specific 
rate constant for molecules with energy E is developed along with the limiting high and low pressure rate 
constants, as well as the concomitant activation energy expressions. The approximations of the classical 
theory are indicated by comparisons of the relevant quantum and classical formulations. 





HE abnormally high pre-exponential (frequency) 
factor of some unimolecular reactions has been 
attributed to a mode of reaction involving the accumu- 
lation of energy in several critical oscillators which 
then might lead to the simultaneous rupture of more 
than one bond. The activation energy for such a de- 
composition mode has often been found to be the sum 
of the dissociation energies of the rupturing bonds. 
Reactions of particular interest have included 
mercury dialkyls, azoalkanes, etc.! The classical high 
pressure rate constant for these reactions as developed 
by Pritchard,?* and discussed by Johnston‘ and Steel® 


1S 
ie 


(1) 


Saal 
R= 





pin) [ (n—1)  (n—1)(n—2) 
1 j 
(n—1) !L oe _ 


where b=Ko/RT, Eo is the critical energy, m is the 
number of critical oscillators in the molecule, and X is 
the rate of interchange of energy within the molecule. 
In terms of Slater’s ‘‘short-cut” method®” one can 
consider the rate constant as the product of A, the inter- 
change rate, times the probability that in an equi- 
librium gas the m critical oscillators have energy Eo or 
greater. So, for m=1, \= A, the high-pressure frequency 
factor; for m>1 the expression predicts A>A, i-e., 
enhanced A factors. For n=2 and 6=40, Eq. (1) 
already predicts a 15-fold increase, and for n=3 about 
a 100-fold increase in A. The enhancement therefore 
arises from the equilibrium of total energy among the 
critical oscillators, it only being required that the total 
energy exceed some critical value. If one only has 
simultaneity of bond rupture without this equilibrium 
among the » oscillators, such as is considered in de- 


1B. G. Gowenlock, Quart. Rev. 14, 133 (1960). 
2H. O. Pritchard, J. Chem. Phys. 25, 267 (1956). 
’D. Clark and H. O. Pritchard, J. Chem. Soc. 1956, 2136. 
‘H. S. Johnston, Ann. Rev. Phys. Chem. 8, 249 (1957). 
°C. Steel, J. Chem. Phys. 31, 899 (1959). 
(1988) B. Slater, Proc. Leeds Phil. Lit. Soc. Sci. Sect. 6, 259 
™N. B. Slater, Theory of Unimolecular Reactions (Cornell 
University Press, Ithaca, New York, 1959), pp. 31, 39. 


velopments based on Slater’s theory, no enhancement 
is predicted.5* 

Equation (1) refers to the classical value of the rate 
constant at high pressure. It is of interest to develop 
the specific rate constant for molecules with energy E 
and the resultant general rate constant which describes 
the pressure falloff of these reactions. Such a develop- 
ment should allow comparison of this model with 
experimental data obtainable from falloff studies, 
photochemical, or mass spectrometric experiments. 
The falloff parameter s should give an insight into the 
molecular complexity of these reactions. In line with 
Kassel’s treatment the harmonic oscillator picture is 
maintained, which though certainly not entirely 
correct, forms the basis of much presently successful 
rationalization of data. 


A. CASE OF A SINGLE CRITICAL OSCILLATOR 


This is the well-known Rice-Ramsperger-Kassel 
model.” Kassel has derived a quantum as well as a 
classical form of the pressure falloff of the rate constant 
and has given some comparison between the two based 
on a set of oscillators with equal frequencies. From this 
work it can be seen that the theoretical falloff is some- 
what different for these two forms of the theory. Kassel 
also gave some consideration to a model employing 
different frequencies and reported that the results of 
the simple quantum case would not be altered ap- 
preciagly by such an extension of the model."® A con- 
trast between the quantum and classical forms of the 
theory applied to the case of the isomerization of cyclo- 
propane seems of interest in view of the rather extensive 
data on this decomposition." 

The quantum form for s oscillators of equal frequency 
v contains the factor (j-+s—1) !/7! in the expression for 
the density of quantum states for the jth state. This 

8 E. Thiele and D. J. Wilson, J. Phys. Chem. 64, 473 (1960). 

9N. B. Slater, J. Phys. Chem. 64, 476 (1960). 

(a) L. S. Kassel, Kinetics of Homogeneous Gas Reactions 
(Chemical Catalog Company, New York, 1932), Chap. V; (b) 
L. S. Kassel, J. Phys. Chem. 32, 1065 (1928). 

4 A similar comparison for this isomerization has been under- 
taken by Wilder (thesis, Polytechnic Institute of Brooklyn, 
1961) employing the theory of Marcus and Rice! which treats 
the problem from the point of view of an activated complex. 
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- Fic. 1. Comparison of the falloff of the general rate constant 
with pressure for a quantum (Q), semiclassical (SC), and classi- 
cal model, for n=1, s=15, b=40. The values of hvy/ RT are listed 
next to their respective curves. 


factor is often approximated by j*~!, which leads to the 
classical result (see Appendix) or by (j+s/2)*7", 
which leads to a semiclassical result, the latter being, 
of course, the better approximation of the factor. This 
semiclassical expression can be seen to be equivalent to 
the vibrational energy density expression given by 
Marcus and Rice.” However, for some reactions, the 
average energy of the species that react may lie only 
slightly above the critical energy, hence these approxi- 
mations may not be valid. The falloffs predicted by 
these two approximations can be compared with the 
quantum case and the values for the three functions at, 
e.g., s=15 give the curves shown in Fig. 1. It can be 
seen from this figure that the curvatures for the semi- 
classical and quantum cases are sufficiently different 
so as to make use of the former undesirable for a pre- 
diction of curvature, though the predicted value of 
k/k,, and the predicted value of the specific rate 
constant at energy £ are reasonably close to the values 
derived from the quantum form. The use of the classical 
equation for fitting the data for the isomerization of 
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Fic. 2. The falloff of the general rate constant with pressure 
for the isomerization of cyclopropane at 500°C. The line is the 
theoretical curve for a Kassel quantum model, s=21, b=44, 
hv /RT =2.0, and is drawn on the basis of the calculated points. 


2 R, A. Marcus and O. K. Rice, J. Phys. Chem. 55, 894 (1951). 
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cyclopropane produces the best fit when s=11; a value 
of s>21 is predicted for the semiclassical equation. 
This seems to produce the apparent contradiction that 
in an assembly of oscillators half are freely inter- 
changing energy, half are effectively isolated. It can be 
seen that for a given temperature the quantum rate 
can be reduced to the classical rate simply by choosing 
progressively smaller values for hy/RT. On the basis 
of the vibrational frequencies in cyclopropane it seems 
reasonable to adopt a value of tv/RT=2.0 for the 
isomerization at 500°C. If one also chooses a value of 
b=E,)/RT=44 for the isomerization, this choice of 
parameters produces excellent agreement between 
experiment and theory for s=21, i.e., assuming that 


1-LEVEL 


Quantum Kassel 
b#44 
$*21 
hv Pt 
RT 2.0 (21) 
or 1.0(7),20(7),4.0(7) 
a 1 ! 
-9 -8 -7 
10gio WA 








Fic. 3. Quantum Kassel; b=44, s=21, hv/RT=2.0 (21) 
or hv/ RT =1.0 (7) 2.0 (7), 4.0 (7). 


all, not just 11, of the oscillators are active (Fig. 2). 
If one further extends this model to the somewhat 
more realistic case of three groups of seven frequencies, 
each at hy/RT=1.0, 2.0, and 4.0, then this further 
modification affects the falloff only slightly (Fig. 3), 
though the values of the specific rate constants in- 
creased by a factor of 1.5 to 2. The change in the fall- 
off produced by going from a one-frequency to a three- 
frequency model corresponds to the change one would 
obtain by raising the frequency in the one-frequency 
model by about 10%. The fitting of these curves, how- 
ever, is attained by an arbitrary positioning of the 
theoretical curve along the logP axis and hence is only 
agreement in curvature; if one calculates w on the usual 
basis (o=5A), one finds that the A factor predicted 


13 (a) T. S. Chambers and G. B. Kistiakowsky, J. Am. Chem. 
Soc. 56, 399 (1934); (b) H. O. Pritchard, R. G. Sowden, and 
A. F. Trotman-Dickenson, Proc. Roy. Soc. (London) A217, 563 
(1953). (c) Cf. also H. S. Johnston and J. R. White, J. Chem. 
Phys. 22, 1969 (1954). 
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by this quantum treatment is too large by about one 
order of magnitude, a perhaps not unexpectedly large 
discrepancy. Due to the large difference between the 
calculated value of s from classical theory as against 
that of quantum theory, it appears, at least for this 
case, that a classical formulation of RRK theory is 
often too approximate to be useful in making com- 
parisons with experimental results. Though there is 
some arbitrariness in the choice of parameters in the 
quantum model, it is not certain that an exact calcula- 
tion would be more meaningful in view of the inherent 
approximation in the model, as was recognized at the 
outset." It is suggested that perhaps some of the short- 
comings observed in experimental comparisons are 
more attributable to the formulation employed rather 
than an inadequacy of the model. A more detailed 
quantum calculation may be appropriate, however, for 
the specific rate constant of molecules with energy E 
which appears to be a more sensitive function of the 
molecular vibrations employed.” 

B. SPECIFIC RATE CONSTANT OF MOLECULES WITH 


ENERGY E FOR MULTIPLE CRITICAL OSCILLATORS 
AND THE CONSEQUENT GENERAL RATE 


For the case of a single critical oscillator the form 


f° ,¢ Sore auhe 
* p -4¥( s—2 s—1 


jsl0.1l 
ke= 


p* is the probability that the critical oscillator contains 
at least m quanta and j is the total number of quanta 
in s oscillators. For the case of » critical oscillators p* 
would become 


p*= . : tie ') 


kam\ n—-1 s—n—1 


where s is the total number of oscillators in the molecule. 
By repeated summation by parts, this results in a series 
of n terms of the form 


ve A | 2) 


i—0\ m+i s—n+t 


Therefore the specific rate constant at E is seen to be 


r —/m+n—1 ere 
a ees come lat 63) 
Tr >( m+1 \( s—nt+i 9) 


oes f 


This model assumes that the energy in the 1 oscil- 
lators can cooperate to reach a critical value, and that 
all distributions of this energy should be weighted 
equally for dissociation, it only being required that the 
total energy in the nm oscillators exceed some critical 
value. It can be seen that even though the barrier for 


4 T am indebted to Dr. L. S. Kassel for personal discussions on 
this point. 
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Fic. 4. Comparison of the falloff of the general rate constant 
with pressure for a quantum model with n=1 and n=2, s=32, 
b=40, and hy/ RT =2.0. 


(3) is higher than in the usual bond rupture process 
this is offset by the increased number of states in p*. 
For any more than a slight difference in critical energies, 
however, the Boltzmann term will swamp the increase 
in p*.5 This need not apply to the reaction of excited 
molecules. For example, if D2 is sufficiently larger than 
D, so that the A factor is normal in the thermal re- 
action, one might find that in a photolytic study of 
such a reaction at E>D,+D,, the more complex 
reaction path with the higher critical energy may 
actually be the predominant path. This would then 
give a product distribution quite unlike that found in 
the thermal reaction. 

The value of (3) can now be substituted into the 
general rate expression 


k=[1—exp(—/v/RT) } 


i+s—1 
a(S ' )exp(—jl/R7) 
je s— 


2 1+he/w oo 


For the special case in which »=2 this results in the 
expression 


k/kn=y>> 
z=0 


x+s—1 s—1 : 
( ae J] mS +1 fexp(—ato/R7 ) 


A\fx+s—1 s—1 x+m+s—1 
1+ s—1 mn — +1] /( s—1 ) 


where 


y=[1—exp(—/v/RT) }*{m[1—exp(—hy/RT) J+1}. 








» (5) 


4 (a) H. V. Carter, E. I. Chappell, and E. Warhurst, J. Chem. 
rer 1956, 106; (b) D. Clark and H. O. Pritchard, zbid. 1956, 
2136. 
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For the case s=32, hv/RT =2, and b=40, this general 
rate constant has been summed on a computer, and 
compared with the regular Kassel quantum case (n=1) 
(Fig. 4). It can be seen that the falloff is shifted to larger 
values of w/A but that the curvature is only slightly 
tighter for the m=2 case, corresponding to a change of 
s=1 or 2. This comparison shows that if a molecular 
decomposition is already predicted to be near the low- 
pressure region for the case of n=1, then the assump- 
tion of a multiple reaction coordinate would predict 
the reaction to be even further into the low-pressure 
region than one presumes from regular Kassel theory. 
This shows that the identification of a given rate with 
the theoretical value for k,, could lead to error if the 
complexity of these decompositions is small, i.e., small 
s, since under these conditions, particularly for n>1, 
the reaction may still be in the falloff region. 


C. LIMITING HIGH AND LOW PRESSURE VALUES OF 
THE RATE CONSTANT 


The high pressure constant can be seen to be equal to 


.=[1—exp(—hv/RT) }>-dp*exp(—jhv/RT), 
j=m 


=) exp(—mhv/RT)(1—exp(—hy RT) }>~ 


z=0 


p(x)exp(—ahv/RT), 


2, /m-+n— 1 
>> p(x) exp(—xhv RT) =>’ m+i ) 


ee "exp —xhv/RT), 
s—n-+1 


interchanging the summation order and re- 
arranging we have 


R—} foe tog —1\ 2 /x-bs—o 
(mtn ) ( Jes »(—xhv/ RT) 
x m+1 » s—n-+i} _ | 


Therefore by simple transformation of y=x—i, and 
then changing back to x, we have 


rl /m+n—1\ 2 /x+s—n+i 
> ; pa a Jexp —xhv/RT) 
m+i /% s—n+i 


-exp(—thv/RT), 


r=0 1=( 


or by 


or 


r—1/m+n—1 ; : 
>( Jexp —ihv/ RT) 


m+1 


-[1—exp(—Iv/RT) J", 


or 


n—1 
k= exp(—mhy/RT)[1—exp(—hv/RT) ">> 
0 
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where 
u={exp(—hv/RT)/[1—exp(—hv/RT) ]}, 


which is identical to a quantum expression one could 
derive for k,, using Slater’s “short-cut”? method.® For 
the classical conditions of RT>>hv and m>n we 
obtain Pritchard’s formula (1). For a choice of 6=40, 
hvy/ RT =2, and s=21, the quantum theory predicts A 
factors that are only about 15% lower than those 
predicted on a classical model (for small m at a given 
activation energy). Hence a quantum correction for 
calculating enhancement of the A factor does not 
appear necessary for this case. 

The low pressure constant will be independent of n 
since it is given by the activation rate. 

We can write 


es) . oly 
ky=a[1—exp/( —Wv/ RT) VET" ) 
j=m §=— 


-exp(—jhv/RT), 


ky=w exp(—mhv/RT)[1—exp(—hv/RT) } 


2f/x+m+s—-1 } - 
. P| exp(—axhv/RT), 
x+m 

where w is the collision frequency per molecule or mole, 
assuming that each collision of an excited molecule 
deactivates that molecule. Now it can be shown that 


Sn Pee ad | t' 


poaert x+m io\ m-+1 (1—1) 


t' x x 
<sieitilindiaaitating imal y. 
(1-—t)* a.) 


substituting this into the right-hand side, changing the 
order of summation and applying Cauchy’s formula, 
we obtain the sum on the left-hand side. Therefore 


zr=0 


Since 


2=w exp(—miv/RT)[1—exp(—hv/RT) } 


s—!/m+s—1\ . 

y & ie 

i-0\ m+1 
where 


u={exp(—hv/RT)/[1—exp(—/Mv/RT) ]}, 
or 


ky=w exp(—mhv RT)( 


=| 1+ 


m+s— ‘) 
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*[1—exp(—/w/RT) a, (7) 
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Here for a choice of hv/RT=2, b=40, and s=21, 
ky quant./ko class.=10~*. The relatively large dif- 
ference between the classical and the quantum calcu- 
lation is brought about by the large value of s. This 
indicates that a quantum form of Kassel’s theory is 
appropriate at low pressures for more complicated 
molecules. The application of Eq. (7) to the calculation 
of the second-order rate data for NO; shows that 
one can encompass the low-pressure A factor quite 
well with this expression (dv/RT=4.1, s=15) whereas 
a classical calculation yields a value several orders of 
magnitude too high.’® Similar agreement with experi- 
ment” can be obtained for ozone though the difference 
between a classical and quantum value is no longer as 
large since the value of s is smaller. 


D. ACTIVATION ENERGY 
The activation energy, E,=RT*d |Ink/dT, can be 
directly obtained by differentiation of (6) to give for 
the case at high pressure, 


—1 
Ea=mbhv— (n-1 ont (" ; ve exp(Iv/ RT)£, 
m+1 


n—2 


a= |1+(2 es Nn 
m+2 m+1 


4 nae —) (— 2! 2 ) 
m+2\ m+3 m+1 m+1/\"m+2 m+1 


BP ey 
— iF 


It is seen here that the difference between the activa- 
tion energy and the critical energy is far less than 
predicted from classical arguments. 

Similarly the activation energy for the low-pressure 
rate, which is the same as for the Kassel (n=1) case, 
is seen to be 


n—1 


Eg=mhv— (s—1) nut + Yi exp(iv/RT)8’, 


m 


1% E. K. Gill and K. J. Laidler, Proc. Roy. Soc. (London) 
A250, 121 (1959), 

" (a) S. W. Benson and A. E. Axworthy, J. Chem. Phys. 26, 
1718 (1957); (b) J. A. Zaslowsky, H. B. Urbach, F. Leighton, 
R. aaa and J. Wojtowicz, J. Am. Chem. Soc. 82, 2682 
(1960). 


+s—1) jy. 


20 





74 
1600 


where u is the same as above, and @’ is also the same as 
6B above except that s rather than » oscillators are 
involved.’* Thus for the example of iy/RT=2, s=21, 
and 6=40, Ay— Fa=5.8RT whereas for the classical 
case’ we have the usual Ap— Fa=(s—1) RT =20RT. 
In conclusion, it was shown that one can derive a 
specific rate constant for molecules with energy / and 
the consequent general rate constant for a model which 
assumes that energy can be accumulated in a group of 
n critical oscillators. The development followed formal 
reasoning analogous to that of the RRK model. The 
usual Kassel quantum rate expressions were seen to 
result as a special case in this development. The de- 
velopment has only been made for the quantum model 
as it appears that this represents a preferable form of 
the theory for comparison with experiment. Such 
quantum considerations seem to be most important for 
(a) the rate constant of excited molecules with energy 
fk, (b) the theoretical form of the rate constant or A 
factor for unimolecular reactions at low pressures, 
particularly for large s, (c) the shape of the uni- 
molecular falloff of the rate constant with pressure, and 
(d) the prediction of critical energies from experimental 
activation energies, in the main for reactions with large 
s in the low pressure region. It was also suggested that 
processes with multiple reaction coordinates may be 
important in the kinetics of excited states, even for 
reactions with normal 4 factors. A precise calculation 
of such effects may, however, have to be done by a 
detailed counting of the relevant energy states.” 
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APPENDIX 

For the case of s oscillators of average frequency », 

the quantum weight of the jth level (E=jhy) is 


7, 
r=(! " ) 
s—l 


18 Since there is a temperature dependence in w this introduces 
a slight correction of +1/2 RT into Fg, cf. reference 7, p. 37. 
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which for j>>s reduces to the classical form j*~!/(s—1) |. 
Similarly for 
aie j-—m+s— ') 
P ( s—1 


for which (j—m)>>s, a more stringent condition, is 
required for use of the classical expression, so for a 
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thermal decomposition the average energy of s har- 
monic oscillators determines (j—m) for the average 
decomposing molecule at high pressures, so that s 
may be 5-10 times larger than this. Table I gives ratios 
of the quantum weight to the classical weight, a value 
which should be arbitrarily close to one for all levels of 
interest to justify the use of the classical equations such 
as, e.g., ke=A(1—E)/E)*", (Eyx=mbv). 
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Ultraviolet Absorption Spectra of Alkali Metal Azides 
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The absorption spectra of thin films of NaN;, KN;, RbN;, and CsN; have been measured at 295°, 77.3°, 
and 4.2°K in the wavelength range 1400 to 2200 A. The spectra show three well-defined absorption peaks, 
which have not been reported previously, and these were identified as the exciton transitions corresponding 
to n=1, 2, and 3. In thicker films and thin single crystals a new absorption band with multiple structure, 
having a maximum around 2225 A has been observed in all materials and this has been tentatively identi- 
fied as due to a transition of low probability to a low-lying excited state of the azide ion. On irradiating the 
azides at 2400 A a weak fluorescence was observed in all cases. 





INTRODUCTION 


HE alkali metal azides are simple ionic inorganic 

compounds similar to the alkali halides where the 
halogen ion is replaced by the azide ion (V;~). In spite 
of their structural dissimilarities with alkali halides, 
both sodium azide and potassium azide show remark- 
able similarities with their corresponding halides in 
the formation of color centers.! On the other hand, the 
azides are unstable and decompose into metal and 
nitrogen under the action of heat and light. In recent 
years there has been a considerable interest on the op- 
tical and electrical properties of monovalent azides in 
order to understand the mechanisms of decomposition. 
This subject has been comprehensively reviewed by 
Evans, Yofie, and Gray. 

The role of excitons in the decomposition of mono- 
valent ionic azides has been emphasized by Yoffe and 
his co-workers.*4 Direct experimental evidence on the 
exciton spectra exists only for thallous azide and silver 
azide.*® Cunningham and Tompkins! have studied the 


* National Research Council Post-Doctorate Fellow. 

1J. Cunningham and F. C. Tompkins, Proc. Roy. Soc. (Lon- 
don) A251, 27 (1959). 

2B. L. Evans, A. D. Yoffe, and P. Gray, Chem. Revs. 59, 515 
(1959). 

3B. L. Evans and A. D. Yoffe, Proc. Roy. Soc. (London) A250, 
346 (1959). 

4S. K. Deb and A. D. Yoffe, Proc. Roy. Soc. (London) A256, 
514 (1960). 

5 A. C. McLaren and G. T. Rogers, Proc. Roy. Soc. (London) 
A240, 484 (1957). 


formation of color centers in sodium azide and potas- 
sium azide by ultraviolet and x-ray irradiation and 
they have suggested that excitons formed during irra- 
diation interacts with imperfections to form color 
centers, and that the positive holes (.V;°) trapped in 
cation vacancies partially decompose to give nitrogen 
as one of the decomposition products. These authors 
also measured the ultraviolet absorption spectra of 
single crystals of sodium azide and potassium azide, 
and obtained an absorption edge that exhibited no 
structure. Nevertheless they assumed that the exciton 
transitions occur near the absorption edge. 

The present work was undertaken to investigate the 
fundamental absorption spectra of alkali metal azides 
with the object of gaining information on their energy 
band structure. Measurements were made on the ultra- 
violet absorption spectra of both thin and thick films 
of azides at liquid-nitrogen and liquid-helium tempera- 
ture. The results show some interesting features and a 
number of absorption peaks observed in the funda- 
mental absorption region which are believed to be asso- 
ciated with different exciton states. 


EXPERIMENTAL PROCEDURE 


Optical absorption spectra above 2000 A were ob- 
tained with a Perkin-Elmer model 4000 recording ultra- 
violet spectrophotometer. For measurements below 
2000 A a Jarrell-Ash half-meter vacuum monochroma- 
tor with a Seya-Namioka mounted grating, having a 
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dispersion of 17 A/mm, was used. The light source was 
a hydrogen discharge lamp fitted with a LiF window 
and operated on alternating current. The source could 
be used satisfactorily down to about 1400 A, below 
which the intensity of the light diminished rapidly. 
The monochromator had appreciable stray light and at 
wavelengths below 1350 A the amount of stray light 
became comparable to that available from the source. 
This restricted the measurements to wavelengths 
above 1350 A. The intensities of the incident and trans- 
mitted radiation were monitored by means of a sodium 
salicylate transmission phosphor sprayed on a LiF 
window fitted close to the photocathode of an EMI 
6256B photomultiplier tube. The phosphor has a con- 
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Fic. 1, Absorption spectra of thin films of the alkali metal azides deposited on LiF substrate: (a) NaN; (b) KNs; (c) RDN3; (d) 


stant quantum efficiency in the wavelength range 900- 
2000 A. The output of the photomultiplier tube was 
measured with a micromicroammeter. 

The cryostat which held the refrigerated sample was 
provided with a rotating vacuum seal which made it 
possible to pass the monochromatic light through the 
sample, through a glass filter or directly to the phos- 
phor and photomultiplier. The spectrum was recorded 
manually, each point being corrected for stray light 
with the help of the glass filter. The vacuum system of 
the cryostat was separate from that of the monochro- 
mator and no condensable vapors which might inter- 
fere with the measurement of absorption at low tem- 
perature were detected. 
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Fic. 2. Absorption spectra of thin single crystal and thick films of alkali metal azides deposited on LiF: (a) Single crystal of NaNs 
55 w thick; (b) KN; film 10 u thick; (c) RbN; film 47 » thick; (d) CsN; film 23 uw thick. 


The sodium azide used in these experiments was ob- 
tained by triple recrystallization at room temperature 
from an aqueous solution of Matheson, Coleman, and 
Bell reagent-grade sodium azide. Samples of potassium 
azide, rubidium azide, and cesium azide were obtained 
from Dr. A. D. Yoffe of the Cavendish Laboratory, 
Cambridge. 

Since the absorption coefficient in the fundamental 
region is very high (10° cm), very thin samples 


(0.1 « approx) must be used and these can only be ob- 
tained as deposited films. The films cannot be obtained 
by vacuum evaporation because the azides decompose 
on heating. However, the alkali azides are slightly 
soluble in absolute alcohol and this makes it possible 
to prepare thin films by careful evaporation from solu- 
tion. The substrates were plates of Harshaw single- 
crystal lithium fluoride, about 0.5 mm thick, which 
had negligible absorption in the spectral range investi- 





ULTRAVIOLET ABSORPTION SPECTRA OF 


gated. The thickness of the films was estimated to be in 
the 0.1-0.2 uw range. 

For measurements in the tail of the fundamental 
absorption edge, thicker specimens must be used be- 
cause the absorption coefficient is small. Transparent 
plate-like crystals of NaN; about 50 y» thick were ob- 
tained by crystallization from aqueous solution. The 
amounts of KN3, RbN3, and CsN3; available were not 
sufficient to permit the growth of large single crystals. 
However, this was not a serious disadvantage since 
50 u films could be obtained with much less wastage by 
the deposition method described above. A comparison 
of a 50 u film of sodium azide with a single crystal of the 
same thickness indicated that there was no significant 
difference in their absorption spectra in the region under 
consideration. The thickness of films in the range of 
10-50 » was measured by a micrometer. 

The apparatus used for the measurement of fluores- 
cence spectra has been described by Lipsett.® It had, 
however, been improved by placing a fore prism mono- 
chromator at the entrance slit of the excitation mono- 
chromator, to reduce stray light. A 1600-w xenon lamp 
(Osram XBO 2001 S) was used as the exciting light 
source. The detection photomultiplier tube was an 
EMI 6256 B. No corrections were made for the varia- 
tion of the photomultiplier sensitivity and monochro- 
mator efficiency with wavelength. 


RESULTS 


The absorption spectra of the thinner films (0.1 u 
to 0.2 w thick) of NaN3, KN3, RbN3, and CsN3; at 
room temperature (295°K), liquid nitrogen tempera- 
ture (77.3°K), and liquid helium temperature (4.2°K) 
are shown in Fig. 1. The results obtained with the thin 
single crystal (55 u thick) of NaN; and the thicker films 
(25 w to 50 u thick) of KN;, RbN3, and CsN3; are shown 
in Fig. 2. A band having a maximum around 2225 A 
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Fic. 3. Fluorescence spectra of a thin single crystal (60 u 
thick) of NaNs;. 


6 F, R. Lipsett, J. Opt. Soc. Am. 49, 673 (1959). 
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Fic. 4. Absorption spectrum of NaN; after x-ray irradiation, 
measured at 77.3°K: (a) Untreated crystal; (b) Pure crystal 
after irradiation for 15 min at 295°K; (c) Same crystal after 
irradiation for an additional 15 min at 295°K; (d) Curve (c) 
minus curve (a). 


and a multiple structure consisting of about seven bands 
is observed in all cases. There is a small variation in the 
wavelength of the maximum in different azides. At 
295°K the structure is so broadened that it is, at best, 
only partially resolved. On cooling to 77.3°K the 
peaks of the band are displaced slightly towards shorter 
wavelengths. At 4.2°K the bands are somewhat sharper 
but otherwise unchanged. The absorption coefficient 
at band maximum for NaNs3, KN3, RbN3, and CsN3 
are 70 cm, 900 cm, 90 cm™, and 450 cm", 
respectively. 

On irradiating a single crystal (60 » thick) of NaN; 
and thick films of KN;, RbN;, and CsN; with light of 
2400 A a weak fluorescence having maximum emission 
around 4800 A was observed in all cases at 295°K and 
77.3°K. The strongest fluorescence was observed in 
NaN; and the spectrum showed some structure at 
77.3°K as shown in Fig. 3. The drop in intensity of the 
fluorescent emission for wavelengths longer than 5000 
A is due to the drop in sensitivity of the photomulti- 
plier tube. No such structure could be resolved in KNs, 
RbN; and CsN; presumably because the intensity of the 
emission was too weak to make any accurate measure- 
ment above the noise level of the detecting system. 

A single crystal of NaN; was irradiated at room tem- 
perature with x-rays (50 kv, 48 ma) from a Machlett 
tube with tungsten target and beryllium window, and 
the absorption spectrum was then measured at liquid 
nitrogen temperature. The result is shown in Fig. 4. 
Two absorption bands with maxima at 3350 A and 
2480 A arose. The band at 2480 A was obtained by 
subtracting the absorption before x-ray treatment from 
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TABLE I. Absorption peaks at 4.2°K. 








Exciton 
dissociation 
energy, ev 


Quantum 


number n AA v, cm! 





1910 62 400 .97 
64 100 49 
66 400 cae 
68 300 


52 800 
64 700 
67 100 
69 000 


53 300 
66 700 
69 200 
71 200 


51 300 
64 900 
67 300 
69 400 


the absorption after treatment [curve (c) minus curve 
(a) oi Fig. 4]. It is also interesting to note that in the 
irradiated crystal there was a general increase of ab- 
sorption around 2050 A. 


DISCUSSION 


The absorption spectra of very thin films of alkali 
metal azides show several characteristic absorption 
peaks. The absorption coefficient in the neighborhood 
of the first absorption peak near 1900 A is of the order 
of 10° cm~. This indicates an allowed optical transi- 
tion, probably to an exciton level. Assuming that the 
exciton spectrum follows a hydrogen-like series, it 
should be possible to represent the spectrum by the 
following equation’: 

Yn=V— R'/n* 


(1) 
with R’= Ru/K¢m, 


where y,, is the series limit, 7 is the quantum number, 
R is the Rydberg constant, wu is the reduced effective 
mass of the electron-hole system, Ko is the high fre- 
quency dielectric constant, and m is the free electron 
mass. Since the magnitude of yw is not known, the 
absolute values of the »’s cannot be predicted. It is, 
however, possible to ascertain whether the experimental 
results fit an expression of the form (1) with reasonable 
values for p. 

If it is assumed that the observed bands are due to 
excitons, then from the spacing of the first two peaks 
given in Table I it seems reasonable to attribute the 
first peak around 1900 A to quantum number n=1. 
The observed peaks at 4.2°K may then be represented 


7S. Nikitine, Phil. Mag. 4, 1 (1959). 


DEB 


approximately by the following equations (in cm): 


In NaN3;, 
KNs, 
RbNs;, 
CsN3, 


Yn =68 300— 15 900/n?; 
vn = 69 000— 16 400/n?; 
vn=71 200—17 800/n?; 
vn=69 400— 18 200/n?+n=1, 2, and 3. 


‘ 

The last term (R’/n?) in Eq. (1) gives the optical 
energy required to dissociate the exciton. The values of 
exciton dissociation energies are listed in Table I. No 
exciton peaks for quantum numbers > 4 were observed. 
It is interesting to note that there is a rapid rise in 
absorption in the neighborhood of »,, which probably 
indicates the onset of a band to band transition. 
Having determined the optical energy /i, required to 
dissociate the optically formed exciton for n=1, it is 
then possible to estimate the reduced effective mass yu 
of the exciton from 


u=Ey\Koem/R. (2) 


Both NaN; and KN; are birefringent and their refrac- 
tive indices have been measured for different crystal- 
lographic directions.’ In computing the high frequency 
dielectric constant the average value of the refractive 
indices was taken. The reduced effective mass of the 
exciton was found to be approximately 0.7 m for 
NaN; and 0.76 m for KN3. These are not unreasonable 
for ionic compounds. Similar calculations could not be 
made for RbN; or CsN; because their high frequency 
dielectric constants are not known. 

The magnitude of the absorption constant (10? to 
10° cm~') of the band with multiple structure having a 
maximum around 2225 A (cf. Fig. 2) is relatively 
small for an allowed optical transitions due to excitons. 
On the other hand, it is difficult to attribute it to any 
impurity which would give rise to such a strong band 
without being detected by infrared measurements. 
Moreover it is unlikely that the same impurity would 
consistently appear in all the azides obtained from 
different sources. It seems more likely to be a transi- 
tion of low probability to a low-lying excited state of 
the azide ion. The multiple structure is similar to that 
found in alkali metal nitrates and nitrites which have 
been completely analyzed by Sayre’ and Sidman.” 
The positions of the different peaks observed are listed 
in Table II. The fact that the band structure'is tem- 
perature dependent and the average splitting between 
the bands is 1044 cm™', suggests that it may be due to 
the vibrational frequencies being superimposed on the 
electronic transition of the azide ion. Such frequencies 
would be characteristic of the excited state and would 
not be expected to correspond to the well known vibra- 


8R. W. Dreyfuss and P. W. Levy, Proc. Roy. Soc. (London) 
A246, 233 (1958). 

®The author is greatly benefitted by the comment of the 
referee in this section of the discussion. 

EF. V. Sayre, J. Chem. Phys. 31, 73 (1959). 

11 J. W. Sidman, J. Am. Chem. Soc. 79, 2669 (1957). 
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TABLE II. The band structure of alkali metal azides at 77.3°K. 
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tion frequencies of the azide ion in the ground state. 
(The ground state vibrational frequencies of the azide 
ion are 41350 cm, w~645 cm, and »:~2070 
cm of which ve and v3 are infrared active.) 

The observed structure in the fluorescence spectrum 
corresponds roughly to the ground state vibrational 
frequencies of the azide ion but the resolution is too 
poor to make any quantitative measurements. A rather 
large Stokes shift (about 2 ev) is observed and in this 
respect the behavior of the azide ion differs from that 
of the nitrite ion. The latter also shows a weak fluores- 
cence”? but the Stokes shift is small. A considerably 
extended investigation including a study of polariza- 
tion and isotope effect is required before a complete 
assignment of the electronic and vibrational states of 
the azide ion be made. 

The effect of x-ray irradiation does not alter the fine 
structure of the band at 2225 A, although a new band 
having a maximum at 2480 A appears, partially over- 
lapping this band. By analogy with alkali halides the 
band at 2480 A has previously been identified by 
Cunningham and Tompkins! as the a band. The a 
band in alkali halides is unstable at room temperature, 


2 J. W. Sidman, J. Am. Chem. Soc. 78, 2911 (1956). 





since the anion vacancy has a high probability of com- 
bining with a positive ion vacancy, and moreover it 
appears very close to the fundamental absorption edge. 
The fact that the 2480 A band in alkali azides is stable 
at room temperature makes it unlikely to be an a band, 
and by analogy with alkali halides it appears more 
likely to be a kind of V center. The general increase in 
absorption around 2050 A (cf. Fig. 4) is perhaps due 
to the formation of another band which appears close 
to the fundamental absorption edge. The band at 3350 
A has been identified as a V band.! 
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A method for obtaining the molecular weight distribution of linear polymers from rheological measure- 
ments in dilute solution is obtained through the use of the normal-coordinate theory of viscoelasticity as 
modified by Zimm to include hydrodynamic interactions. 

Equations for the frequency-dependence of viscoelastic properties in dilute solutions are shown to the 
form ®(w)=Z,Ap "f(wAp™), where @(w) is a measurable, frequency-dependent viscoelastic property. 
The summation extends over the set of characteristic values Ap, which accounts for the relaxation of various 
normal modes of motion of the molecule as perturbed by hydrodynamic interaction with the solvent; and 
f(wdi-™) is directly related to the molecular weight distribution through an integral equation 


f (wr. »=/ K(M, w)W(M)dM, 


where W(M) is the weight fraction of molecules in range dM at M and K(M, a) isa kernel dependent 
upon the quantity measured. Inversion of the above summation has been accomplished for the particular 
case of characteristic values which obey the inequality, 2,A,-"<2A."", so that f(wA-™) may be obtained 
directly from the experimentally measured #(w). W(M) is then obtained from f(wAr™) through a solution 


of the integral equation. 





INTRODUCTION 


ECENTLY the author and his fellow workers!“ 

have been devising methods for the experimental 
testing of the normal-coordinate theory of viscoelas- 
ticity?’ and for utilizing the theory to determine the 
molecular weight distribution of linear polymers. These 
two aims are not unrelated. It is doubtful that the 
normal-coordinate theory of viscoelasticity can be 
adequately tested until the effect of polydispersity is 
sufficiently well understood. In fact it may be shown 
that the predictions of the normal-coordinate theory 
are extremely sensitive to even slight departures from 
monodispersity. 

In the past, very few measurements of the visco- 
elastic properties of dilute solutions of linear poly- 
mers have been made because of the great experimental 
difficulties involved in such measurements. How- 
ever, Birnboim and Ferry’ have recently designed 
an apparatus which appears to be very successful in 
measuring the complex viscosity of the dilute polymer 
solutions. Consequently an extension of our earlier 
calculations seems desirable and timely. Indeed the 
results of Birnboim and Ferry show that, in dilute 
solution, the experimental relaxation distribution func- 
tions approach a slope of —2/3 at short times as pre- 

E. Menefee and W. L. Peticolas, Nature 189, 745 (1961). 

ne E. Eldridge and W. L. Peticolas, J. Poly Sci. 51, $38 

3E. Menefee and W. L. 
1961). 

6 he 
(1961 

5p. E. Rouse, Jr., J. Chem. Phys. 21, 1272 (1953). 

® F. Bueche, J. Chem. Phys. 22, 603 (1954). 

7B. H. Zimm, J. Chem. Phys. 24, 269 (1956). 


§ M. H. Birnboim and J. D. Ferry, Bull. Am. Phys. Soc. 6, 127 
(1961). 


Peticolas, J. Chem. Phys. 35, 946 


Peticolas and E. Menefee, J. Chem. Phys. 35, 951 


dicted by the theory of Zimm instead of a slope of —1/2 
as predicted by the theory of Rouse and which is 
generally found in concentrated polymer systems.” 
The purpose of this paper is to generalize the previous 
results'® to the case of a nonfree draining polymer 
molecule in a solution with strong hydrodynamic inter- 
actions. This problem is more complicated since the 
characteristic values in this system are neither integers 
nor simply related to one another. Although the method 
developed here is applicable to any normal-coordinate 
treatment with nonintegral characteristic values, only 
the case of the frequency dependence of the viscosity 
of dilute solutions of whole polymers will be discussed. 


COMPLEX VISCOSITY OF WHOLE POLYMERS 


The pth relaxation time of a polymer molecule 
containing 7 monomers in a dilute solution of a whole 
polymer is given by®” 


1 pi= pb*/6RT yi, (1) 


where 6? is the mean-square end-to-end length of a 
submolecule, p is the friction factor, Ap; is the pth 
characteristic value of a polymer molecule containing 7 
monomers. For dilute polymer solutions, Zimm has 
obtained the following equation for the characteristic 
values: 

Api =4N jp App/N 7 (120°) 'bn,, (2) 


where NV; is the number of submolecules in the jth 
polymer molecule, p is the friction factor, A, is the pth 
characteristic value as calculated by Zimm, Roe, and 
Epstein,” and y, is the viscosity of the solvent. 
4 *J Dz Ferry, R. F. Landel, and M. L. Williams, J. Appl. Phys. 
26, 359 (1955). - 

10 B. H. Zimm, G. M. Roe, and L. F. Epstein, J. Chem. Phys. 
24, 279 (1956). 


2128 





MOLECULAR WEIGHT DISTRIBUTION 


The complex viscosity of a polymer in dilute solution 
is given by the equation®” 


2 N 

n*(w) —ns= >. (Wj/M;)cRT Dorp 1+ierpi}, (3) 
j=l p=1 

vhere W; is the weight fraction of the jth polymer 

molecule, n*(w) is the complex viscosity, c is the poly- 

mer concentration, and i=(—1)!. Combining Eqs. 

(1)-(3) with the fact 


>A, = 0.586, 

p=1 
we have the following result for the viscosity of a whole 
polymer at zero frequency, 
n*(0) —n, WN 


—* = [n(0) J= Na( 12m) 10.5866°— 
CNs u ). 


= 2.84 1077(L3/M )w, 


where L is the root-mean-square end-to-end length of 
whole polymer chain defined by L;=.V;'b, and Na is 
Avagadvo’s number. Equation (5) is a statement 
for whole polymers of Zimm’s result for polymer 
fractions.’ If in Eq. (4) we assume that the number 
of submolecules V; is proportional to the molecular 
weight, i.e., V;=AM,, we have 


[n(O) J=Nq(12m*) 10.586 (K4) 9 (M5), 
= 2.84 10? (L2/M;)#(M°»)y. (6) 


The dependence of the viscosity of the weight average 
of the square root of the molecular weight shows that 
these equations hold only in a 0 solvent," a fact that 
must be kept in mind when attempting to apply them 
without further modification. If the viscosity is meas- 
ured in a © solvent, K'd or L;°/M; is a constant in- 
dependent of the molecular weight." However, in a 
non-@ solvent, K!b=(N;/M;)'b is a monotonic, in- 
creasing function of the molecular weight," so that 
either \V;/M; or 6 or both must be molecular weight 
dependent. Consequently it would be difficult to extend 
our discussion of whole polymers to non-0 solvents. 
Actually, however, there is evidence which would 
indicate that Zimm’s theory itself is more nearly 
correct for a © solvent. Indeed the failure of Zimm’s 
theory to predict a dependence of intrinsic viscosity on 
steady-state shear rate is not so bad as it might first 
appear since data on polystyrene in a 9 solvent show 
only a very slight shear-rate dependence.” 

Combining (1) and (6) we have 


[n(0) nM? 
Tri=- = ‘ 
”*  0.586RT (M°5) Xp 


uP, J. Flory, Principles of Polymer Chemistry (Cornell Uni- 
versity Press, Ithaca, New York, 1953), p. 612. 

12 E. Passaglia, J. T. Yang, and N. Wegemer, J. Poly Sci. 47, 
333 (1960). 
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It is interesting to observe that for a given temperature 
and solvent that the ratio of the intrinsic viscosity 
to the averaged molecular weight which appears in this 
equation is a constant independent of both molecular- 
weight and molecular-weight distribution, i.e., 


[n(0) / (M?*)u=[nj(0) /M95=K’, 


a constant, which in the Flory terminology" is K’= 
'(Lo?/M)3, where ®’ is the universal constant of Eq. 
(5) and Lo?/M is independent of molecular weight. 

A comparison with the corresponding calculation! for 
Rouse’s theory shows the ratio [(0) ]/(M). should 
be a constant in this theory. This is, of course, the result 
one might expect for a dilute solution of a polymer in 
an extremely good solvent. Perhaps this is the explana- 
tion of why the data of Rouse and Sittel!® for poly- 
styrene in toluene, a very good solvent for polystyrene, 
agree so well with Rouse’s unmodified theory. 

Equation (7) may be written as 


Tri=BM A,", 
where 
B=nl.n(0) |/(M°°)0.5860RT. 


Consequently, Eq. (3) may be written as 


_ 
n*(w) —n,.=cBRT > dp * (wry), (10) 
p=1 


where 
»M°°W(M)dM 


I* (arp R) - : ’ 
0 1+10r, 1BM} 


(11) 
and where we have assumed a continuous distribution 
of molecular weights. 

INVERSION OF THE SUM 


Equation (10) is an equation of the general form 


N 
®(w) = Dorp *f (Ap ™w) = Bw { f(w)}, (12) 
p=1 


where m and m are usually, but not necessarily, integers; 
the symbol ® stands for this type of sum. Equations 
of this form may be inverted to give f(Ar-"w) in terms 
of an infinite series of ®’s provided the \,’s possess 
certain properties. If the characteristic values are 
integers this inversion may be performed using the 
theorem of Moebius.’ However, the characteristic 
values of Zimm, Roe, and Epstein” are not integers 
and, except at large values, there is no simple relation- 
ship between them. This may often prove to be the case 
for problems of this type, so that it seems worthwhile to 
develop an inversion formula for equations of the form 
of Eq. (12) which will tend to hold under very general 
conditions. Such as equation can be developed as 
shown below. 


18 P. E. Rouse and K. Sittel, J. Appl. Phys. 24, 690 (1953). 
4 A. F. Moebius, J. Math. 9, 105 (1832). 
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For an equation of the form of Eq. (12) we require 
that @(w) and f(w) be finite and single-valued for all 
values of w. Consequently, the right-hand side of Eq. 
(12) must converge for all values of w. The function 
f(w) will have a maximum value, which in our case is 
f(0). Consequently at w=0 we have 


=f(0) f. ~*~ 


p=l 


From this we have the condition that 


N 
22>" =A ’ 


p=1 


where A is finite and must remain finite even as V goes 
to infinity. In order to obtain an inverse of Eq. (12) 
we begin subtraction of 

N 

pS (Aj7"A1”) ® (Aj"Ar"w) 

j=2 
from both sides of Eq. (12) with the result 


N 


@(w) — D> (A; 


j=2 


_ m," ) P( dj Mey") = Arf (Ar ~myy) 


eS 
DAA (AAO) « 


j=2 i=2 


(13) 


Thus we have the desired term Ay~"f(A-™ 
remainder. Adding an additional term gives 


w) plus a 


N 
(w) — >A; "i" (X; mu) 


9 
J 


N 


y 
Zo >A; a yP"b (A; “m™) p md 2m) 
k=? 


=2 j=? 


=Ar"f (Ar"w) 


N N N 
4D DA aA (AAA), (14) 


k=2 j=2 


which again leaves the desired term plus a remainder. 
Continuing this process we find the remainder is a sum 
of the terms of the form 

AyD HMA e # AT (AT MA Me ATMS), 
where A;-"Aj-"* + +A” is a product of the reciprocal of a 
characteristic values. 

The criteria convergence of the inversion may be 
shown as follows: The function f(w) has its largest 
value at some value of w, which for our specific case is 
w=0. If the remainder converges to zero at this value 
of w, it must converge for all other values of w. The 
difference in absolute values between two successive 


remainders of the (a+1)th and ath terms, respec- 
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tively, is 


N N 
re Do DUAR A™”Ap-*f (0) 


) 


N 
j=2 l=2 p=2 


{a+1 sums in all} 
N N N 
_ >> >: oe » ¥ A As e “Arf (0) 
i=? j=? l=2 
{ q@sumsinall } 
N N 
= Coa" Pa-"/ (0) CoA" aan es 
j=2 j=2 
Consequently if 
N 
lim (>>A;-™1")7=0 
a->co j=2 
the series will converge. This will be true if 


N 
Daryarn< 


j=2 


N 
ai" IN 


j=l 


(15) 


For the characteristic values of Rouse, A,= p? and 


a7 


p=1 


=7/ 


Since 7°/6=1.7<2, this criterion holds for Rouse’s 
characteristic values. For the characteristic values of 
Zimm, Roe, and Epstein, 


> Ap? =0.586 
p=1 


and A;!=0.25 so that a 2\—! and this inversion 
formula will not converge. However, 


>A)? =0.0703 < 2Ar? = 0.124, 
p=l 
so that an equation of the form 


=, “1(d/des)(dg-4a) = Dds-f' pa) 


p=1 


(16) 


could be inverted, provided $’(w) and f’(w) are every- 
where finite. The derivative of Eq. (12) is 


n* (w) =cB?RT > dp 21* (why), (17) 
Pp 


where 


MW (M)dM _ 


eA hee ue D 
ong”) if (1++iwd,BM?)? — 


Equation (17) has the disadvantage that the integral 
equation (18) is relatively difficult to solve, even for 


p=1. 





MOLECULAR WEIGHT 


An alternative way of meeting this problem is to 
use the imaginary part of the complex viscosity (or the 
real part of the complex modulus) divided by the 
frequency as follows: 


§[—n*(w) /w}= Re[G* (w) /w* ]=E(w) 
E(w) =cB’RT > dp 2Ie(wrp), (19) 


where 


© MW (M)dM 
Ie(wd,7!) = i Seo he (20) 


9 1+w°B*,?M* 
Before solving for J2(wA;~') in terms of &(w) we observe 
that Eq. (14) may be simplified as shown in the ap- 
pendix to obtain a sum of WN terms rather than an 
infinite number. Such a sum is still rather tedious to 
write out so, for the present, we will deal with Eq. (14) 
symbolically. Consequently, if 


(w) = DA, (Ay"w) = Sv { fw) } 


p=1 


‘ 
Dav <2ar, 


i=l 
then the inverse ~ exists and we may write 
Arf (Ar"w) = >" { p( ) } : 


The exact evaluation of the shortest form for 
~'{(w)} will be described in the Appendix. How- 
ever, if ®(w) is known for all values of w, then f(Ar-”w) 
may be obtained from this equation. 


(21) 


SOLUTION OF THE INTEGRAL EQUATION 
If, in Eqs. (12), and (21) we set m=1, n=2, 
B(w)=E(w), Ap "f(Ap "w) =Ap *cBPRTI2(wAy'), 
we have the following integral equation: 
“MW (M) dM 


cB°RTyy” ee ae 
9 1+w°By 2M 


H"{E(w)}; 


making the substitution, z=A’B°M~, and y=w’, we 
have 


(22) 


[POS = 44(0))=St1G~), 
0 tz 


where St is the Stieltjes transform operator and 
G(z) = (cRT/3z) W (B*),?8z-"8), Using the inverse 
Stieltjes operator St-! we may write the weight dis- 
tribution function 


37 B?-M- 


W(M) =  — {E(w)}, (23) 


where M=(A;/wB)?*. Using the inverse Stieltjes 
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operator of Hirshmann and Widder" we obtain 


ae d’ 


W (M) = — lim (—1)"(e/) "5, 


4 a’ pl 
x|. iw {E(w)}}. (24) 
For very broad molecular weight distribution y=1 or 
v=2 will generally suffice. For distribution containing 
sharp curves or corners, this is not a practical method, 
and numerical methods for the inverse of this integral 
equation must be found. The type of numerical method 
selected will depend to some extent upon the type of 
data under study. An excellent discussion of numerical 
solutions of integral equations is given by Kopal."® One 
of the simplest numerical methods is the conversion of 
Eq. (22) into a series of nonhomogeneous simultaneous 
equations using a quadrature formula to express the 
integral as a sum. Such a procedure gives the molecular 
weight distribution from matrix inversion of the 
simultaneous equations. 

Sums of the form of Eq. (21) as well as matrix in- 
versions are easily performed by use of modern high- 
speed computers, 


APPENDIX 


The infinite sum £~'{@(w)} may be written 


N 
(wo) + (—di") DADA ™A"w) + (—M")? 
j=2 
N WN 
x x DAR AB (AHMAR Aw) 


k=2 j==2 


N N WN 
+(—")*D) Do Doves, (25) 
i=2 j=2 k=2 
where each term contains an increasing number of 
sums of products, and there are an infinite number of 
terms. This sum may be simplified considerably. The 
index number of a term is defined as the number of 
sums (or products) it contains. We will call an internal 
term a particular product in some given term. 
Let us consider a particular term, say, for example, 
the fourth term. This term has an index number of 4 
and may be written 


N WN 


N N 
(—a")40 Do Do DAA 


i=j j=2 k=2 l=2 
x P(A Bea? haw, hae ir™w). (26) 


When all of the subscripts are different there will be 4! 
internal terms of exactly the same quantity. Thus all of 
the internal terms with unlike indices of index number 


% J. I. Hirshmann and D. V. Widder, The Convolution Trans- 
form (Princeton University Press, Princeton, New Jersey, 1955). 

1%6Z. Kopal, Numerical Analysis (John Wiley & Sons, Inc., 
New York, 1955). 
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4 may be grouped together to give 
N N-—1 N-—2 N-3 
4l( —}," > > > "rik rr n 
i>j>k>122 
~~ P( nN ; he m).—™), i m) 4m) : 


Similarly there will be only one of each internal term of 
index 4 with identical indices, 


(—)," Daa 


In general there will be an internal term for each 

partition of the index number, in this case The 
*. . . . 

partitioning of 4:may be illustrated as follows: 


ind ( 


™, Amyy ) 


/1 all different 

‘1 two alike; two different 
1 two dike: two alike 

1 three alike; one different 
1 four alike. 


/1; 
/1, 
/1 
ip 
1 


The collection of internal terms illustrated above are 
for the first and last of these partitions. The collection 
together of all of the internal terms of index 4 in which 
two indices are alike and two are different gives 


SD 2p Dp tars 


i>j>k22 


mi " 
xK &( rj sg n AL") 

+r; 2h "P(X; ose ioe? ™) 4") 

+}; Ag? ( y PARE CA ) }. ( aa ) 
It should be noted that the three expressions in the 
brackets arise from the fact that 1>7>k>2 so that 
\2" can never equal \;*". The internal term for the 
partitioning into two alike and two alike is given by 


4! N N-1 
Tie Pa 


che i>j22 


ORD (Aw). (28) 

For the ath term, there will be a collection of internal 
terms for each of the partitions of a. If these collections 
of internal terms are all added together, they equal the 
original sum, but, all of the terms in the new sum are 
now completely different from each other. This results 
in an enormous reduction in work necessary to compute 
S"{O(w) }. 

The new terms may be written as follows: 

x V 

1? 3 FG 


v=1 i=2 


x N 
“td DDD 


l v=l j>1 


S 1S (w)}= P(w 


XbA"? ; 


(v+u)! 
XN wn; 


nv +m = Muy) 
; P(r; my muy A; d 
Vip. 


x py VERTY) | 
(—A")" 
pap? rz y ulvly! 


4 i at Vi "HD; “M7 ( \™ +my+ my a eh NE ) + aoe, 


(29) 
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The summations over the Greek indices are summations 
due to the partitions of the index numbers and extend 
to infinity since the index numbers themselves extend 
to infinity, while the summations over the italic indices 
are over the characteristic values and extend only to V. 

In the double sum we have collected all of the in- 
ternal terms which result from partitions containing 
the whole index number. In the quadruple sum, we 
have collected all of the internal terms which arise by 
partitioning of the index numbers into two parts with 
v alike in the first part and yu alike in the second. Simi- 
larly in the sextuple sum, we have collected all of the 
internal terms which arise because of the partitioning 
of the index numbers into three partitions. This process 
may be continued up to the point where the number of 
sums over the characteristic values approaches the 
actual number of the characteristic values. The very 
last term of Eq. (29) will contain no sums over the 
characteristic values but only over the partition. 
This follows from the fact that it is impossible to 
partition an index number larger than’ (V—1) into 
more than (V—1) partitions without some of the 
partitions containing identical elements. Thus the last 
term of Eq. (29) consists of exactly V—1 sums and 
may be written as 


ab a 


v=1 yu 


locates $0)! 
p Yu ly! oe °C! 
tt Ae my mH) 4 MY ee An my) 


o dg nyu HV; NYeoeKy nf 


XK P( Ai” vtety 


For high-molecular-weight polymers, N is generally 
taken as infinitely large. For low-molecular-weight 
polymers V may actually be fairly small. The points 
made above may be very easily illustrated with N=3, 
which might be an actual value for a very short polymer 
chain. For N=3, 


&(w) = B;{ f(w)} 3 
= AMAR), 


i=1 


AMF (Ae) = BH! (w) 


(30) 


and 


o 3 
=6(0)+)>> D(A") AGH PPB (Ay™A") 


y=l i=2 


PM 3 D tata wert) 
vu! 


v=1 u=l 
KA M—Ag 7D (Ay Hg” gy ) ; (32) 


Thus the very complicated sum of Eq. (25) containing 
an infinite number of terms may be replaced with a 
sum which contains only N terms; in this case V=3. 

In our previous publication, Menefee and the 
author! gave a recursion formula for use in the in- 
versions of finite sums where the characteristic values 
were integers. It appears, however, that for finite 
sums, the approach outlined here might be preferable 
even when the characteristic values are integers. 
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It has been observed that the solvent effect on optical rotation goes hand in hand with the parallel effect 
on dipole moment, especially when the important dipoles are directly attached to'the asymmetric center 


Bx= a+ {By°—ap}. 


Here a is relative deformability constant and 8 and yu are the rotational parameter and,the dipole moment, 
respectively; the superscript zero, indicates that property belongs to the molecule in the ideal state. The 


values of A539” for a given substance in different solvents are comparable 


~3.05 X 10-® for a-d-bromocamphor). 


(~1.1X 10" for,d-camphor and 





1. INTRODUCTION 


HE simultaneous study of the solvent effect on 
optical rotation and electric polarization of the 
same solute species has been made with a view to 
determining whether a correlation exists between the 
two. In previous communications!” the author has 
pointed out that a relation between the properties of 
the solvent, such as refractive index or dielectric con- 
stant and the optical rotation of the solute, will not be 
simple; however, the data in structurally related sol- 
vents can be compared satisfactorily. The correlation 
between the dipole moment of the solvent molecule 
and the optical rotation of the solute is not warranted, 
as the optical rotations in solvents having the same 
dipole moment are quite different,® showing the role 
of the sense of the dipole. Beckman‘ correlated the 
polarization of the solvent with the rotivity; Beckman’s 
relationship has been satisfactorily tested by Beck- 
man **%¢ and Gutzwiller’; however, the relation is 
based on the assumption that the polarization of the 
solute, which is dipolar, remains the same in a variety 
of binary solvents used. It was further assumed that 
the polar molecules of the polar component of a binary 
solvent are independent of one another. 
The dipole moment of a molecule is the resultant of 
a vector addition of the component dipoles, including 
the intramolecular solvent effect (such as rotation of 
the component dipoles about bonds and electron dis- 
placements). Optical activity, which is related to the 
component dipoles, especially when strong polar groups 
(chromophores) are directly attached to the asym- 
metric center, might therefore be expected to be influ- 
enced by environmental effects similar to those on the 
dipole moment. 


1A. J. Mukhedkar, J. Univ. Poona 18, 41 (1960). 

2 A, J. Mukhedkar, Z. physik Chem. 25, 56 (1960). 

3 (a) H. G. Rule and J. P. Cunningham, J. Chem. Soc. 1935, 

1038; (b) H. G. Rule and J. Crawford, ibid. 1937, 138; (c) 

H. G. Rule and A. R. Chambers, Nature 133, 910 (1934): (d) 

H. C. Marks and C. O. Beckman, J. Chem. Phys. 8, 831 (1940). 
‘(a) C. O. Beckman and K. ‘Cohen, J. Chem. Phys. 4, 784 

(1936); (b) C. O. Beckman and H. C. Marks, ibid. 8, 827 (1940). 
5 N. Gutzwiller, Helv. Phys. Acta 18, 497 (1945). 


For a comparative study the equations for molar 
rotation and polarization must be deduced using related 
assumptions. Molecular properties may be determined 
by using the simple equations for “‘gases”’; the difference 
in the observed (solution) and gas (ideal state) values 
can be considered as a measure of the solvent effect. 
Here the equation for gases implies that there are no 
important intermolecular forces. Under these condi- 
tions, as Debye® suggested, the effective field acting 
on a molecule is equal to the field applied. 


F=E. (1) 


By this simple assumption it is not at all necessary to 
get into vague ideas about the molecular shape, dis- 
tribution integrals, and the contribution of different 
types of intermolecular forces as long as the two prop- 
erties for our “comparative study” are 
broadly by similar factors. 

With assumption (1) we get the equation for orienta- 
tion polarization identical with that derived by Jatkar’ 
for gases, viz., 


governed 


Po=4rN 2, ‘3k r. (2) 


By using the modified equation for electric polariza- 
tion and Maxwell’s equations for electromagnetic 
radiation, the relation between the molar rotation 
[M },, and the microscopic property expressed by the 
rotational parameter §,, is given by 


[Mh = (1603/d2) NB). (3) 


Here the symbols have the usual significance.6 The 
relation (3) clearly shows that any changes in the 
rotational parameter 8, which is related to the matrix 
components of dielectric and magnetic moments in 
the transitions responsible for the origin of optical 


6 P. Debye, Polar Molecules (The Chemical Catalog Company, 
New —_ 1929), p. 12. 

75. K. K. Jatkar, Nature 153, 222 (1944). It is interesting to 
note that Mapparent Calculated by the Jatkar equation: apparent = 
(4nNu2/3kT)[(J+1)/J], 2J+1=2 for liquids and solutions 
are close to the theoretical values (Tables I-IX). Jatkar et al. 
have shown the validity of the equation in a large number of 
published papers. 

8 E. U. Condon, Revs. Modern Phys. 9, 432 (1937). 
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TABLE I. d-Camphor in n-heptane. Temperature=300°+0.1°K. Physical constants of n-heptane: density d*’=0.6762; dielectric 
constant, e’=1.85;; refractive index, mp?’ = 1.3842. 








Apparent 
D 


Mole fraction Pa 4aNut ; Rotational 
of d-camphor =— Po= = ——_— parameter 
f e+2 e 


kX107 








0.0117 . 2424 ; . 1.128 2.402 


0.0212 2556 ; “a 1.130 .402 
0.0442 . 2874 : x 1.13 2.402 
0.0642 . 3087 : a i. 402 
0.1442 . 3940 : ot cm .402 
0.3169 .5160 : is : 2.402 
0.3253 .o013 , od : .402 


TABLE II. a-d-Bromocamphor in n-heptane. Temperature=300°+0.1°K. Physical constants of n-heptane: density d**=0.6763 
dielectric constant, e’ = 1.85; refractive index,  p*’ = 1.3840. 


Apparent 
D 


Mole fraction 4 Nyt ’ Rotational 
of a-d-bromo- — Po=> parameter 


camphar fe 3kT Tr Boas X 10 kX10-? 








0.0041 $. 3. 4.139 8.80 
0.0104 245 , ; 4.142 8.80 
0.0221 ; . ; 4.155 "8.80 
0.0340 : 5. 4.140 8.80 


0.0433 ; : 3. 4.137 8.80 
0.0606 ; 5. j 3 


TABLE III. d-Camphorquinone in n-heptane. Temperature 300°+0.1°K. Physical constants of n-heptane: density d” =0.6765; 
dielectric constant, &’=1.91; refractive index, m p*’ = 1.3841. 








Apparent 
D 


7 pene -oy 4a Nu? An Ny? Molar rotation—[M ams 
of d-camphor Py= : > abd E E 


a o= a ——— 
quinone ho 3k7 kT O44 589 546 517 486 436 








0.0019 : 5. 97 916.6 1576 538 7530 —425 
0.0038 ; 5. oF 961.4 1606 277 5418 560.4 
0.0060 : Je Is 984.6 1644 4392 780 
0.0080 : 5 ; 1010 1665 4191 820 
0.0099 ; 3. . 1035 1673 3883 892 
0.0136 ; ~ ‘ 1050 1710 3629 939 
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activity, are directly reflected in the observed molar 
rotation. 

When comparing the solvent effect on optical rota- 
tion and dipole moment, the assumption that these 
two properties vary linearly with the solvent field can 
be used without much appreciable error, especially 
when there is only one type of solute and solvent 
molecular species present in solution. We write 


B,=B+By'F, (4) 

p=p+y'F. (5) 

Here 6’ and yp’ are the deformability constants and the 

superscript ° refers to the corresponding property in 

the ideal state. The validity of these assumptions is 
critically discussed by Eyring® and Mukhedkar.” 

If the two molecular properties are studied under the 


same experimental conditions, the relation between 
the two apparent properties is 


By, = (By'/u") w+ {B,°— (By’/u") w°} . 


Assuming the rotational and dipole moment deform- 
ability constants to be constant, one expects a straight 
line when apparent dipole moment is plotted against 
apparent rotational parameter (or the apparent molar 
rotation). 


(6) 


2. EXPERIMENTAL 


d-Camphor (B.D.H.) was purified by repeated 
crystallization from alcohol and vacuum sublimation. 
a-d-Bromocamphor was crystallized from alcohol, 
dried in vacuum, and stored in the dark. d-Camphor- 
quinone was prepared from d-camphor by Riley’s 
selenium dioxide method." The solvents used in the 
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510 550 
Wovelength, mu 
Fic. 1. Rotary dispersion of d-camphorquinone in n-heptane. 


Mole fraction of d-camphorquinone: O, 0.0019; X, 0.0038; Q, 
0.0060; 7, 0.0080; @, 0.0099; @, 0.136. 


9W. J. Kauzmann, J. Walter and H. Eyring, Chem. Revs. 26, 
339 (1940). 

10 A, J. Mukhedkar, Ph.D. thesis, University of Poona, India, 
1959. 

1 W. C. Evans, J. M. Ridgon and J. L. Simonsen, J. Chem. 
Soc. 1934, 137. 
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(b) 


Fic. 2. Relation between dielectric constant « and rotational 
parameter k. (a) d-camphor. X, n-heptane; @, carbon tetra- 
chloride; (), benzene; O, chloroform. (b) a-d-bromocamphor. 
X, n-heptane; @, ethylacetate; O, benzene. 


present work were purified by standard methods. A 
slight variation in the physical constants of a given 
solvent depends on the efficiency of fractionation, 
especially for n-heptane. 

Dielectric constant measurements were made with a 
resonance-type oscillator circuit. Rotatory dispersion 
was studied on a photoelectric spectropolarimeter.” 
Infrared spectra were determined on Beckman IR4 
spectrophotometer. 


2 A, J. Mukhedkar, J. Univ. Poona 18, 19 (1960). 
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Fic. 3. Relation between apparent dipole moment sapparent 
and rotational parameter k. (a) d-camphor. X, n-heptane; 
benzene; @, carbon tetrachloride; ©, chloroform. (b) a-d- 
bromocamphor. X, n-heptane; @, benzene; O, ethylacetate. 


3. RESULTS AND DISCUSSION 


The equation (6) was experimentally verified by 
the concentration effect on the apparent dipole moment 
and optical rotation; the study was simplified by con- 
sidering solvents containing only one molecular species 
and solutes containing important dipoles directly 
attached to the asymmetric center. 

The rotatory dispersion and apparent dipole moment 
of d-camphor and a-d-bromocamphor in n-heptane 
(Tables I and II) are independent of concentration in 
the concentration range studied; the deformability 
constants, 8)’ and yw’, tend to zero in these systems in- 
dicating very weak or no solvent-solute interaction. 
However, the rotatory dispersion of d-camphorquin- 
one in n-heptane, unlike its electric polarization, varies 


appreciably with concentration (Table III); the sign 
of the optical rotation at 440 my changes in dilute 
solutions ( f<0.0019). The isorotation points at 448 
my and 520 my in the rotatory dispersion curves 
(Fig. 1) and the deviation from Beers’ law of the 
absorption spectra even in dilute solutions suggest the 
presence of two spatial isomers, the equilibrium between 
which changes with the dielectric constant of the 
medium. Infrared spectra of these compounds in carbon 
tetrachloride show the following ketonic frequencies: 


cm! 
1747 
1759 


1775 
1762 


Intensity 
strong 
strong 
medium 
strong. 


d-camphor 
d-camphorquinone 


a-d-bromocamphor 


It is therefore clear that the two isomers of d-camphor- 
quinone are due to the repulsion between the two 
a-keto groups similar to that present in a-halocy- 
clanones and a-brominated ketosteroids'; the projec- 
tion angle between the two keto groups will be of 
opposite sign in the two isomers. A slight change in 
the magnitude of the projection angle will not produce 
any observable change in electric polarization, while a 
sensitive property, like optical rotation, which depends 
both on sign and magnitude of the projection angles of 
the dipoles attached to the active center will show an 
observable difference. The presence of two molecular 
species of d-camphorquinone limits our study to d- 
camphor and a-d-bromocamphor. 

It is observed” from rotatory dispersion equations 
which hold good in the visible range that the char- 
acteristic wavelength remains the same throughout the 
concentration range in the same solvent and it does 
not change appreciably in a variety of solvents. (d- 
camphor Ao~0.320 y; a-d-bromocamphor \o~ 9.290 uy.) 
The rotational parameter k, which is related to the 


TABLE IV. Values of d-camphor and a-d-bromocamphor. 


Solvent 


Bsso° X 10% 


d-Camphor Vapor .97 
n-Heptane Ry 2. 
Carbon tetrachloride .94 
Benzene .28 
Chloroform .16 


a-d-Bromocamphor — n-Heptane 
Benzene 


Ethylacetate 


Mean 3.65 


® The values of u° used in the calculation of B° are Mapparent in n-heptane; 
p°d-camphor=4.13D, w°a-d-bromocamphor=5.25/)) 


8 E. J. Corey, J. Am. Chem. Soc. 75, 2301, 3297, 4832 (1953) ; 
Experimentia 9, 329 (1953); J. Am. Chem. Soc. 76, 175 (1954) ; 
R. C. Cookson, J. Chem. Soc. 1954, 282; R. N. Jones, D. A. 
Ramsay, F. Herling, and K. Dobriner, J. Am. Chem. Soc. 74, 
2828 (1952). 





OPTICAL ROTATION AND DIPOLE MOMENT 


TaBLe V. d-Camphor in carbon tetrachloride. Temperature = 300°+0.1°K. Physical constants of carbon tetrachloride: 
1.5800; dielectric constants, e’ = 2.229; refractive index, np” = 1.4564. 


Mole fraction 
of d-camphor 
fo 


0.00951 
0.03012 
0.04600 
0.1136 
0.1528 
0.2747 
0.4005 


TABLE VI. d-Camphor in benzene. * 


Mole fraction 
of d-camphor 
fo 


0.0118 
0.03025 
0.06178 
0.124% 
0.1829 
0.2051 


0.2843; 


Tas_e VII. d-Camphor in chloroform. Temperature =300°+0.1°K. Physical constants of chloroform: density d?7= 1.4766; dielectric 


Mole fraction 
of d-camphor 
Sa 
0.00606 
0.0729 


0.1285 





Apparent 
D 


4a Ni? 


OS, ae. 


Po= 


Oe SRT 


Bose X 10% 


0.3258 4.76 rey 9.02 
0.3616 4.83 : 9.139 
0.3840 4.88 : 9.217 
0.4898 4.97 . 9.385 
0.5160 5.04 : 9.486 
0.6066 5.14 y9 9.761 
0.6543 


Apparent 
D 


_4n Nt 


Py= : 
SkI Bsie X 1088 


0.3103 4.35 . 7.977 
0.3499 4.38 ok 8.160 
0.3964 4.40 a 3. 364 
0.4764 4.44 35 .670 
0.5315 4.47 <n .894 
0.5464 4.48 3 .935 
0.6016 : 2 118 


constant, &’=4.71; refractive index, 2p?’ = 1.4420. 


Apparent 
D 


_4nNu2 


Po kl 


Bose X 1088 
.5568 
.6346 
.6789 
.6997 


Rotational 
parameter 


kX107 


657 


lemperature = 300° +0.1°K. Physical constants of benzene: density d?’=0.8715; dielectric constant, 
é€ =2.267; refractive index, np” = 1.4909. 


Rotationa! 
parameter 


Rotational 
parameter 
kX107 
1.780 
1.865 
1.960 
2.000 
2.045 
2.130 
2.250 











density 
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TABLE VIII. a-d-Bromocamphor in benzene. Temperature =300°+0.1°K. Physical constants of benzene: density d?’=0.87159; 


dielectric constant, ¢’? = 2.264; refractive index, m p?”= 


1.4970. 








Apparent 
D 


Mole fraction 
of a-d-bromo- a = 
camphor /2 


4aNu? 
kT 


Rotational 
parameter 


kX107 





0.00533 0.3041 
0.3408 
0.3904 
0.4814 


0.5522 


5.40 


).01604 5.47 


0.03765 


.07130 


0.6374 


0.6863 
rotational strength R,,, varies with changes in con- 
centration and solvent. If only general forces were 
responsible for the observed concentration effect, a 
straight line for rotivity vs (eé—1)/(e+2) would be 
expected [the optical rotation or the rotational param- 
eter k defined by means of 


_ kM 
~ 16N 2—d? 162 N 





By (7) 
can be used instead of the rotivity as a first approxima- 
tion |. The observed deviations from linearity in the 
systems studied [Fig. 2(a) and (b) ] may be due to 
the fact that F in the equation? 2,=2,°+Q,’F has to 
be modified for specific interactions. 

The principal dipoles in d-camphor and a-d-bromo- 
camphor are directly attached to the asymmetric 
centers. The rotatory dispersion equations“ and the 
spectroscopic data show that the optical rotation is 
principally governed by the absorption bands of the 
corresponding dipoles. In calculations of the dipole 


.861 


moment by the vector law the same dipoles have an 
important contribution to the over-all dipole moment 
of the molecule. The changes in dipole moment are 
correlated with the changes in these important compo- 
nent dipoles on which the optical rotation depends. A 
confirmation of Eq. (6) is obtained by a linear plot for 
By VS Mapparent- [LM], or k can be used for B, as these 
are directly proportional, Fig. 3(a) and (b).] 

From Eq. (6), the slope of the straight line will be 
(6’/u’). If the rotational and dipole moment deforma- 
bility constants are the same in all the solvents, the 
points corresponding to different solvents should lie 
on the same straight line. Different straight lines for 
different solvents are obtained, showing the intrinsic 
effect of the liquid structure which is characteristic of 
the given solvent. From the slope and the intercept, 
assuming the value of dipole moment in the vapor 
state, the optical rotation in the ideal state can be 
calculated and it should be the same for all solvents. 

The calculated values of 8) of d-camphor and a-d- 


TABLE IX. a-d-Bromocamphor in ethylacetate. Temperature =300°+0.1°K. Physical constants of ethylacetate: density d*7 =0.8922; 


dielectric constant, ¢&’?=5.921; refractive index, np?’ = 1.3689. 


Apparent 
D 


Mole fraction 
of a-d-bromo- r 
camphor /2 


Poe, 
¢ +2 


, AN? 
= 3kT 


Rotational 
parameter 
kX107 


_ 4 Nu? 


Py=—5 
k1 BsseX 10% 





0.6256 
0.6324 
0.6359 
0.6442 
0.6759 
0.7114 


0.00496 
0.01211 
0.01680 
0.02613 
0.07258 


5.68 
5.80 
6.03 
6.22 
6.30 


0.1313 6.48 


9.154 
9.088 
9.024 
8.962 
8.910 
8.861 


3.28 
3.35 
3.48 
3.59 
3.64 
3.74 


4.213 
4.195 
4.174 
4.149 
4.114 
4.096 








4T. M. Lowry and M. S. French, J. Chem. Soc. 125, 1921 (1924); T. M. Lowry and J. O. Cutter, ibid. 127, 604 (1925); 


T. M. Lowry, Proc. Roy. Soc. (London) A135, 13 (1932). 
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bromocamphor are summarized in Table IV. [In the 
calculations of the slope, ‘k’ (and [M],) values are 
converted into 8, by using Eq. (7) ]. 

The calculated values of 8) in different solvents 
(Tables V-IX) are of the same order. The accuracy of 
the determination of 8) depends on the accuracy of the 
measurements and the range of variation of the property 
in the concentration range studied; for instance, the 
dipole moment can be measured to an accuracy of 
+0.02D and its variation for d-camphor in benzene is 
only 0.1D in the concentration range 0-0.3 mole fraction 
of camphor. A comparatively large deviation from the 
mean value of 8 in benzene is, therefore, attributed to 
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the limited accuracy of the measurements. The assump- 
tion that the liquid structure remains the same through- 
out the concentration range is also a limitation. 

The present view of the direct relation between 
apparent dipole moment of an optically active species 
and the rotational parameter is, thus, strongly sug- 
gested by the systems studied by giving linear curves 
for app VS rotational parameter and giving the values 
of the same order for (y’s in different solvents. 
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Microwave Spectrum and Internal Barrier of Methylphosphine* 
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The microwave spectrum of methylphosphine has been investigated in the regions of 12-33 and 46-49 
kMc. The rotational constants are found to be A =71,869.5, B=11,792.6, C=11,677.7 Mc. Stark effect 
measurements yield a dipole moment of 1.100+0.010 D. The barrier to internal rotation of the methyl 
group, as determined from the A—E splittings of rotational lines in the ground torsional state and from the 
satellite frequency pattern of the Oo>—10 transition, is 685.2+5 cm™!. The structure of the molecule and 
the magnitude of the internal barrier in relation to other molecules are discussed. 





INTRODUCTION 


HE microwave spectrum of the methylphosphine 

molecule is of some special interest. The methyl 
group along with the two other hydrogen atoms are 
attached to the phosphorus atom in a pyramidal form 
as shown in Fig. 1. This molecule is very close to being 
a symmetric top, with the asymmetry parameter de- 
pending very critically on the angle ZHPH and be- 
coming very nearly zero when this angle is 90°. Further- 
more, the molecule is capable of internal rotation about 
the symmetry axis of the methyl group and inversion 
about the P atom. Because of the large mass of the P 
atom and of the attached methyl group, the inversion 
frequencies should be well below 0.1 Mc; and unlike 
the case of methylamine, no observable inversion 
splittings are expected in the microwave spectrum. On 
the other hand, the internal rotation should give rise 
to a series of lines of the same general pattern as those 
found in a large number of molecules.! It should be also 
interesting to compare the experimental result of the 


* Supported jointly by the National Science Foundation and 
Office of Naval Research. 

tOn leave of absence from Toyama University, Toyama, 
Japan. 

1C. C. Lin and J. D. Swalen, Revs. Modern Phys. 31, 841 
(1959). 


barrier height of this molecule with that of methyl- 
amine and methylmercaptan. In this paper the micro- 
wave spectrum of methylphosphine is reported and an 
analysis of the spectrum is made to determine the 
rotational constants, dipole moment, and _ internal 
barrier. 


EXPERIMENTAL 


The sample of methylphosphine was furnished by 
Dr. A. B. Burg of the University of Southern Cali- 
fornia.? The spectrograph is of the conventional Stark- 
modulation type® with modulation frequency of 100 kc. 
Frequencies of the spectral lines are measured to about 
+0.1 Mc with the use of a frequency standard con- 
trolled by a standard signal of 100 kc. The pressure of 
the gas used in the measurements ranges from 0.05 to 
0.1 mm Hg. 

Methylphosphine has a very unpleasant odor and 
special care must be taken in handling the gas. 
Wherever possible on the vacuum system, glass con- 
nections were rigidly sealed with Picein wax, but 
diffusion readily occurred through the grease at the 

2R. I. Wagner and A. B. Burg, J. Am. Chem. Soc. 75, 3869 
(1953). 


3C. H. Townes and A. L. Schawlow, Microwave Spectroscopy 
(McGraw-Hill Book Company, Inc., New York, 1955). 
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Fic. 1. Model of the methylphos- 
phine molecule. 


stopcocks contaminating the immediate area and 
making working conditions at times most unfavorable. 
The gas also appeared to easily replace ammonia 
adsorbed on the inner surface of the cell, and it was 
difficult to maintain a good vacuum of the pure gas 
over a period of several hours. The contaminated gas 
was removed from the vacuum system by pumping 
through a liquid-air cold trap. Special precautions were 
also needed in the final disposal of the waste products. 


MICROWAVE SPECTRA AND ROTATIONAL 
CONSTANTS 


Some 80 lines have been found in the region of 12- 
33 and 46-49 kMc. The majority of the lines shows 
doublet structure characteristic of molecules with a 
methyl group.' In a few cases the same transition has 
been observed in several torsional states. Stark effect 
is used for identifying the internal rotation doublets 
and satellites. The frequencies of some of the observed 
lines can be found in Table I. The rotational quantum 
numbers of the initial and final states of the transitions 
are listed in the first column. The second column gives 
the torsional quantum number » and @ with which the 
particular transition is associated.! We use A and E 
for ¢=0 and+1, respectively. Thus 0A stands for the 
nondegenerate sublevel of the ground torsional state 
(v=0). The rotational constants have been evaluated 
by both of the method of principal axes (PAM) and 
the method of internal axes (IAM).! Descriptions of 
the methods of analysis are given in the following 
paragraphs. 


1. Analysis by PAM 


Attempts were first made to fit all of the 0A lines to 
a rigid rotor spectrum as were done in the analysis of 
the microwave spectra of many molecules with high 
barriers by PAM.' The frequencies of the transitions 
Ooo—1m, and 1)—2, may be used to determine B and 
C. The final values of these two parameters are chosen 
as B=11791.6 Mc and C=11678.7 Mc. The rota- 
tional constant A has little effect on the frequencies 
of AK =0 lines, so it is to be determined from transi- 
tions which involve a change in K. It was found that 
the value of A needed to fit the group of lines with 
K =(0--1 differs by about 50 Mc from that for K =1—2. 


BREIG, 
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This is suggestive of the importance of the fourth- 
order terms in the PAM treatment. A rough estimate 
indicates that the quantity p [see Eq. (2)—(37) of refer- 
ence 1 |, which governs the convergence of the perturba- 
tion treatment in PAM, is as large as 0.46. The fourth- 
order term is then introduced to the effective Hamil- 
tonian for the 0A rotational energy levels as 


Hos = AwP?2+BoPy+CoP 2+ Fwoll, 

T= (Agia Po/ Ts) (el Ps) Lays (1) 
where Aoo, Boo, and Coo are the three effective rotational 
constants (in the order of decreasing magnitude) in 


the OA torsional state, 7, and J, are the two principal 
moments of inertia along the appropriate axes, Ja is 


Taste I. Observed spectrum of the CH;PH: molecule. 


Stark 
coefficients 
(10-5 Mc-cm?/v?) 


Stark 
effect* 


Frequencies 


Transitions (Mc) 


23 470.3 2(+) 0.5 
23 395.9 
23 394.8 
23 314.8 
23 324.2 

0 

0 


2(+) 
2(+) 
2(+) 
2(+) 
2(+) 
2(-+) 


23 279 
23 250. 
23 224.6 


46 940. 
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46 791. 

46 789. 

47 052. 

975. 

827. 

904. 
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685. 
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2(—) 
1(7) 
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~ 








® The Stark effects are designated by 1(0) for the first-order Stark effect with 
the strongest outer components, 1(i) for the first-order Stark effect with the 
strongest inner components, 2(+) for the second-order Stark effect with positive 
Stark displacement and 2(—) for the second-order Stark effect with negative 
Stark displacement. 

b Stark lobes are not resolved. 

© See Table IV. 

4 Accuracy is +0.5 Mc. 





MICROWAVE SPECTRUM 
the moment of inertia of the top along its symmetry 
axis, and the X’s are the direction cosines of the internal 
rotation axis-with respect to the principal axes (A,=0). 
The general expressions for F and woo can be found 
in the paper by Lin and Swalen.' For the methyl- 
phosphine molecule, the axis of internal rotation is 
very nearly parallel to one of the principal axes, thus 
we shall adopt the approximation 


A=1, A.=0. (2) 
The fourth-order term in Eq. (1) is simplified into 
Ful = hI Pwo [213 ( I,— Ta) J iPf=mP. ( 3) 


Using the structure of the molecule and a barrier height 
685 cm™ (s=31.6) as given in the latter part of this 
paper, we found 7;=— 16.58 Mc. Equation (1) is used 
to fit the spectrum and the results are summarized in 
Table II. The four parameters in Eq. (1) obtained 
from this data fitting process are shown in Table III. 
The calculated value of 74 differs considerably from the 
“experimental” value. A similar discrepancy in this 
fourth-order term was also found in acetic acid,‘ 
although the origin for such discrepancy is not clear. 
Less accuracy is to be expected from the calculated 
frequencies of the lines with K=1-—>2, because these 
values are obtained as differences between two large 
numbers of nearly equal magnitude. 

The effective rotational constants in the ground 
torsional states are related to the “‘real’’ constants 4, 
B, and C through the approximate relations 

Ay=A+h I Q(21(12-—Ta) F'woo, 

Bu=B, Ca=C: (4) 
The coefficients woo may be found in the papers by 
Lin and Swalen! and by Herschbach.® By interpolating 
TaBLe IT. Comparison of the observed frequencies of the 0A line 


with the calculated values. 








Calculated frequencies 


Transitions Observed 


OA) frequencies PAM 


23 470.3 23 470.; 
46 940. 46 940. 
47 052. 47 053.5 
46 827.: 46 827. 
13 451. 13 452.; 
33 202. 33 202. 
14 991.7 14 998.5 
18 141.1 18 147. 18 138.3 
27 819.0 27 828. 27 838.2 
32 864.5 32 874. 33 884.1 


IAM 


23 470.3 
46 940.4 
47 053.5 
46 827.7 
13 454.8 
33 206.0 
14 989.0 


Ooo—1 or 
lo—2e 
lio 2 
1i—212 
20e—lio 
312—404 
716 —Or 
711—O25 
827— Dig 
826—918 





4W. J. Tabor, J. Chem. Phys. 27, 974 (1957). 
5D. R. Herschbach, ‘“Tables for the internal rotation problem,” 
Department of Chemistry, Harvard University (1957). 
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Taste IIT. Rotational constants (in Mc) determined by 
PAM and IAM. 


IAM 


Ayo=72 084.2 A=A'= 
B=By=11 791.6 
C=Coo=11 678.7 
A=71 8066.0 





71 873.0 

B’=11 791.6 

C’=11 678.7 
792.6 


74(calc) = — 16.6 677.7 


7,(obs) =—12.7 


Herschbach’s table, we obtain the second-order correc- 
tion term as 218.2 Mc, which gives A=71 866.0 Mc 
(see Table III). 


2. Analysis by IAM 


The application of the [AM for determining the rota- 
tional constants has been treated by Hecht and Denni- 
son’ and by Lide and Mann.’ If we again assume that 
the axis of internal rotation is parallel to one of the 
principal axes (A,=1), it can be shown that the 0A 
lines with AK=0 may be fitted to a rigid rotor spec- 
trum’ with the following effective rotational constants 


A’, B’, and C’: 


A'=A, B'=B-2f, C'=C+2f, (5) 
where 


f=3(B—C) bx42,0,0%%. (0) 


Expressions for 6 can be found in Eq. (3-52) of Lin 
and Swalen.! From the transition Op97—1o. and 1;)—2n 
along with a reduced barrier height parameter s=31.6, 
we obtain B=11 792.6 and C=11 677.7. To determine 
A we have to resort to transitions of the type KA +1. 
For these lines we must first subtract from the observed 
frequency the quantity 


$AoLcos(2rJq/312) (K+1)— cos(2rl./31,) K |, 


(7) 


which represents the contribution from the internal 
rotation and then evaluate the constant 4A according 
to the rigid-rotor type spectrum. The rotational con- 
stants are found in Table III. Frequencies of a number 
of lines calculated from this set of parameters are com- 
pared with the experimental values in Table II. Again 
the agreement is rather poor for the lines involving 
K—K-+1 for the reason explained in the preceeding 
section. Because of this discrepancy, the constant A 
is only accurate to about 10 Mc. We shall take the 
average of the values of A obtained from IAM and 
PAM as our final result. On the other hand, the ac- 
curacy of B and C is limited only by the approximation 
introduced in Eq. (2) and by the small uncertainty of 


“7D. 


’. Lide, Jr. and D. E. Mann, J. Chem. Phys. 27, 868 
(1957). 
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TABLE IV. Observed and calculated Stark coefficients. 





Stark coefficients (in 10-7 Mc-cm?/v?) 


Transitions Observed Calculated 


54.395 


(54.395) 

~18.3+30.1 M? 

—4.1+45150 M? 
(2.69—23.9 M2)* 


—18.5+30.1 M? 
(—3.5+5160 M?)> 
tou 2.69—23.4 M? 


® M =0 lobe used to'’determine fg and fe. 
» For electric fields less than 50 v/cm. 


f in Eqs. (5) and (6). It should be noted that the 
values of B and C determined by IAM differ slightly 
from those determined by PAM. Since PAM becomes 
less satisfactory for large p, the IAM results for B and 
C of the molecule are probably closer to the true state 
of affairs. 


STARK EFFECT AND DIPOLE MOMENT 


The Stark effect of the observed lines has been 
examined. The Stark lobes were not resolvable for the 
majority of the high-J lines. The qualitative behavior 
of the splittings are listed in Table I under “Stark 
effect.”” For a number of low-J lines, the Stark co- 
efficients (ratio of the Stark splittings to the square of 
the electric field) of the unresolved lobes have been 
‘measured and are shown in the last column of Table I. 
It should be noted that the 1,9—2y, and 1:,—2,. 0A 
transitions have rather large quadratic coefficients 
while the two corresponding O£ lines show first-order 
effects. This is in complete accordance with prediction 
from the theory. The Stark lobes for the Ooo—1u, 
19:—202, 202—110, 312 —404 lines (04) have been resolved 
and studied in some detail. The Stark coefficients are 
found in Table IV. 

The dipole moment of this molecule must lie on the 
plane containing the C-P bond and the line which 
bisects the ZHPH. According to whether this angle 
is less or greater than 90°, the dipole moment will have 
nonvanishing components along the principal axes a 
and 6 (the two axes with larger rotational constants) 
or along a and ¢, respectively. From the selection rules 
of the observed spectrum, we see that the latter is the 
case. The M=O Stark lobes of the Oo9-—10; and 3;2—4o4 
transitions were used to determine the dipole moment 
with the results 


Ha=0.958+0.005D, p.=0.541+0.010D. 


The dipole moment is therefore 1.100+0.010D along a 
line which makes an angle of 29°27’ with the a axis. 
Table IV gives the theoretical Stark coefficients cal- 
culated from these values of the dipole moment com- 
ponents by the method of Golden and Wilson.® 


8S. Golden and E. B. Wilson, Jr., J. Chem. Phys. 16, 669 
(1948). 
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It is interesting to compare yu, with the dipole mo- 
ment of the phosphine molecule,? ~=0.579+0.012D. 
From the structure of this molecule, the bond dipole 
moment of P-H is found to be 0.356D. Assuming the 
same bond moment for methylphosphine, one obtains 
the dipole moment of the PH: group as 0.488D with 
ZHPH=93°23’. Upon transforming to the principal 
axes of methylphosphine and using the experimental 
value of ua, one has p.=0.51D which agrees well with 
the measured value. 


BARRIER TO INTERNAL ROTATION 


The barrier to internal rotation can be determined 
most accurately by means of the “splitting method,” 
i.e., the splitting of the A and E lines of a given transi- 
tion.! These splittings are contributed from two sources: 
the interaction of internal rotation with over-all rota- 
tion, and the vibration-torsion-rotation interaction. 
The splittings due to the former effect (in which 
molecular vibrations other than internal torsion are 
neglected) are zero for symmetric top molecules, in- 
creasing with the asymmetry parameter. Such splittings 
will be termed “rigid A-E splittings.”” The second 
source arises from the interaction between the internal 
torsion and other modes of molecular vibration, and 
splittings of this sort will be referred to as ‘“‘nonrigidity 
splittings.” They are generally very small in the ground 
torsional states and become progressively larger at 
higher v. The nonrigidity effect is also responsible for 
the shift of mA and nE (n#0) lines from 0A and OE. 

Because of the extremely small asymmetry param- 
eter of the methylphosphine molecule, no splittings 
between the 0A and OE lines are observed except in 
the transitions involving K_,=1. Here the interplay 
of the K doubling and the internal rotation results in 
large A-E splittings which make possible an accurate 
determination of the internal barrier height. 

Alternatively, the potential barrier may also be 
determined from an analysis of the torsional satellite 
frequency pattern of the Ooo—1m transition. For the 


TABLE V. Comparison of observed and calculated values for 
A—E splitting. 


Transitions (v=0) (obs) 


Lio—2n1 76.: 
1u—2r 
2e—1lio 


20—1 11 





® 5=31.6, Ab=—1.089X1073. 

b As the 0A line is forbidden, it was estimated from the 2o2-—110 line using the 
calculated value for asymmetry splitting. 

© A major part of this discrepancy may be attributed to the poor fit of this A 
line to the calculated frequencies appearing in Table II. 


9M. H. Sirvetz and R. E. Weston, Jr., J. Chem. Phys. 21, 898 
(1953). 
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purpose of this calculation the methylphosphine mole- 
cule may be approximated by a symmetric top and the 
procedure analogous to that of Kivelson can be 
applied. Finally, the relative intensity of a given rota- 
tional transition in the various torsional states may be 
utilized to obtain an estimate of the barrier height. 
The results from these three different methods are 
described in the following paragraphs. 


1. Splitting Method 


Since the angle between the axis of internal rotation 
and the principal @ axis is exceedingly small, the IAM 
is particularly convenient for the calculation of the 
A-E splittings. As the complete structure of this mole- 
cule is not known, certain guesses have to be made con- 
cerning the structural parameters. The moment of 
inertia of the top, J, is taken as 3.212 amu-A? as com- 
compared to 3.214, 3.213, and 3.212 from CH;SH,"! 
CH;0H,"” and CH;NHp," respectively. The computa- 
tion procedure follows very closely that given in Sec. V 
of reference 1. The calculation is greatly simplified by 
the observation that the terms containing 6? in the 
expression of Av of the ground torsional state are 
negligible. The value of F is not particularly sensitive 
to J,; the former remains essentially the same as J, is 
changed from 3.205 to 3.220. From the A-£ splittings 
of the 110 —213; 1y—2,2; 2Qoe- 110; and 202 -1y lines, the 
potential barrier is determined as 685.2+5 cm. Com- 
parison of the calculated and observed splittings is 
shown in Table V. 

The 1A and 1£ lines of ly—2n and 1;—2. have 
also been analyzed. From the two A members (and 
also from Ooo—1 9; for 14) we obtain the rotational con- 
stants in the 14 torsional level as By=11 750.3 Mc 
and Cyj=11 645.6 Mc. Using the barrier height of 
685.2 cm we have calculated the two rigid A-E 
splittings as 103.6 and —103.6 Mc compared with 
103.6 and —101.6 Mc from experiment. In the 1 
torsional state the internal rotation terms 6x (rather 











Fic. 2. Diagram of 1A and 1£F 
transitions of 1;9—2); and 1,;—2 


“£12. 














+1 





: 


hag lI 
| 23 





 D. Kivelson, J. Chem. Phys. 22, 1733 (1954). 

"'T. Kojima, J. Phys. Soc. Japan 15, 1284 (1960). 

si . V. Ivash and D. M. Dennison, J. Chem. Phys. 21, 1804 
(1953). 


8T. Nishikawa, T. Itoh, and K. Shimoda, J. Chem. Phys. 33, 
1735 (1955). 
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Tas_e VI. Satellite frequency pattern of the Oo0>—Lo and 1y:—2e 
transitions. 


Calculated 
frequencies* 


Observed 


Transitions frequencies 





Oo0o—-1 23 470.3 (23 


23 470.3 23 470.3 


23 395.9 23 396.1 
23 394.8 23 394.9 
8 
2 


470.3)% 


23 314. (23 314. 
23 324. (23 324.3 


23 279.0 23 2i7. 
23 250.0 23 249. 


23 224.6 23 225. 
23 241. 


46 940. 
46 940 
46 792. 
46 789. 


OA 
OE 


1A 
1E 


46 940.1 
46 940.1 


46 791.4 
46 789.2 








® A reduced barrier of height of s=31.6 was used in these calculations. 
b These frequencies were used to determine the parameters F, G, and 


4(B+C) oo 


than the asymmetry)" constitute the major source 
of the K-doublet splittings. Since 6x is independent of 
J, the two 1£ lines‘are very close to each other. This 
is illustrated in Fig. 2. It should be pointed out that 
we have neglected the 1A4-1E splittings arising from 
the nonrigidity effect. For this reason, the agreement 
between the observed and calculated splittings should 
be regarded as quite satisfactory. 


2. Satellite Frequency Pattern 


The theory of vibration-torsion-rotation interaction 
in an asymmetric top has been developed by Kivelson” 
and by Hecht and Dennison. Because of the great 
complexity of the general treatment, we shall adopt the 
symmetric top approximation. The rotational constant 
4(B+C) in the torsional state, v, o is given by 


4(B+C)o¢=3(B+C)o0+F (Kuve | 1-cos3a | Kuo) 


+G(Kvo | p? | Kuo) + LK(Kro | p| Kuo). (8) 
The rotational constants now depend on the index 7 
and are different for the A and E levels. Within a 
given v, the small asymmetry of the molecule produces 
a further splitting of the A-E doublets. Such splittings 
can be calculated in the same manner as the splittings 
in the ground torsional state and depend very critically 
on the direction cosine of the axis of internal rotation 
and the ¢ axis except for the lines with | K | =1. In 
view of the uncertainty of the structural parameters 
of the molecule in the excited torsional states, the 
“rigid A-E splittings’ due to molecular asymmetry 


“4 Reference 1, p. 864. 
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Fic. 3. Projection of the 
molecule onto a plane _per- 
pendicular to the internal ro- 
tation axis. 


will be neglected in the analysis of the satellite pattern 
of the Oo—1m and 1o;—2,2 transitions. 

The coefficients F and G in Eq. (8) are treated as 
parameters. It is found that a good fit to the satellite 
frequencies of the Oo—1m and 1 
by choosing 


202 can be obtained 


*=86.6936 Mc, G=—0.621219 Mc, and 
(B+C)o0=23 508.4 Mc along with a reduced potential 
barrier of s=31.6 (see Table VI). The small discrepancy 
between the theory and the observed pattern may be 
ascribed to the neglect of the asymmetry. 


3. Intensity Method 


Rough intensity measurements on the 04, 14, and 
2A lines of the Ooo—1q transition give an intensity 
ratio of 1:0.34:0.125. This yields a barrier of 540 
cm™'. Since the 0A and OE lines are not resolved, the 
intensity of the 0A line is taken as one-half the meas- 
ured value. In view of the high degree of uncertainty 
in the results of intensity measurement, the barrier 
height so obtained represents merely a rough estimate. 


MOLECULAR STRUCTURE AND DISCUSSION 


The rotational constants A, B, and C were deter- 
mined primarily from the Oo—1m, lio—2u, and 2~—1y 
transitions. We have endeavored to propose a plausible 
molecular structure from these rotational constants, 
though a comprehensive study of many isotopic species 
is necessary to determine the exact molecular dimen- 
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sions. The structure is 
P-H=1.4144, 
ZHPH=93°23’, 


C-P=1.863A, 
ZCPH=97°30', 


C-H=1.093 A, 
Z HCH = 109°45’, 
e=2°0’. 


Here ¢ is the angle between the methyl axis and CP 
bond (see Fig. 1). In the absence of any additional 
structural information of the molecule, the choice of 
the present value of € is somewhat arbitrary. This 
angle is known to vary from 2°0’ in CH;SH to 3°30’ in 
CH;NH2. Figure 3 shows the projection of this mole- 
cule on the plane perpendicular to the methyl axis. 

If we assume that each of the PH bonds contributes 
a potential barrier, V3", the resultant 
expressed by 


LV; cos3(a+}x) + cos3(a—}x) |, 


barrier is 


where «(=94°50’) is the projected angle of ZHPH 
(see Fig. 3). A barrier height of V3? =430 cm is 
obtained from our result V;=685 cm™. The value of 
V3"™ is close to the barrier height of methyl mercap- 
tan, 443.9 cm~'. One may ascribe the slightly lower 
value of V;°P™ to the fact that the CP bond is 0.044 
longer than the CS bond. 

If one recalls that the barrier of methyl amine is 
about twice as large as that of methyl alcohol, one may 
observe a certain degree of constancy and additivity of 
the contribution of the attached bonds to the barrier 
height. While it is far too premature to draw any con- 
clusions regarding the origin of the potential barrier, 
the results of the barrier heights for these molecules 
are consistent with the postulate of direct forces be- 
tween the attached bonds. 
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The electron spin resonance of gamma-irradiated single crystals of sucrose has been measured at 9400 
Mc/sec for various orientations in the magnetic field. The variations of the resonance with angle were great- 
est for rotation of the crystal about its b axis, which was kept perpendicular to the magnetic field. The aniso- 
tropic hyperfine structure was observed to vanish when the magnetic field is applied perpendicular to the 
(6, c) plane. It was ascertained that the radical formed is the type X—CH—Y, which had been proposed 
by Williams et al. from the data obtained from the polycrystalline samples. 





INTRODUCTION 


LECTRON spin resonance studies of radicals 

produced in various kinds of irradiated poly- 
crystalline monosaccharides and polysaccharides have 
been reported in several papers. Williams and co- 
workers!” studied the ESR spectra of irradiated poly- 
crystalline saccharides and concluded that the struc- 
ture of the radicals formed are of X—CH~—Y type, 
because most of them gave doublet-like patterns. The 
use of the ESR method applied to the studies of the 
reactivities of the radicals formed in various kinds of 
irradiated polycrystalline monosaccharides and poly- 


ic. 1. The single 
crystal of sucrose 
used. 


saccharides has been reported by the present authors.’ 
The result obtained revealed that sucrose composed of 
two monosaccharides, glucose and fructose, gives 
spectra fairly different from the one constructed from 
the spectra of each monosaccharide on the assumption 
that the two monosaccharides contribute equally.’ 

This fact led us to the conclusion that the pattern of 
the ESR spectra which can be obtained from the irra- 
diated saccharides probably depends not only upon the 
molecular structure of the saccharides but also upon 
the crystalline state. 

The effect of this crystalline state or the crystal field 
on ESR is anisotropic in nature. Different spectra will 
be obtained from the same kind of saccharide when 
the crystalline state is different, that is, when the 


1D. Williams, J. E. Gensic, M. L. Wolfram, and L. J. McGabe, 
Proc. Natl. Acad. Sci. U.S. 44, 1128 (1958). 

2 J. D. Williams, B. Schmidt, M. L. Wolfram, A. Michaelakis, 
and L. J. McGabe, Proc. Natl. Acad. Sci. U.S. 45, 1740 (1959). 

3Z. Kuri, Y. Fujiwara, H. Ueda, and S. Shida, J. Chem. Phys. 
33, 1884 (1960). 

*H. Ueda, Z. Kuri, and S. Shida, Nippon Kagaku Zasshi 82, 8 
(1961). 


measurement is made on a polycrystal or on a single 
crystal, although the radicals formed are undoubtedly 
the same. The determination of the structure of radicals 
made by Williams et al. is based on the measurement 
made only on polycrystalline saccharides. It was 
thought, therefore, that some additional features may 
come out if studies on single crystals are made. 
Radicals produced in_ irradiated polycrystalline 
monosaccharides have a high stability which Williams 
et al. attributed to their electronic structures. The con- 
clusion arrived at by the present authors from a series 
of previous experiments is rather different. It is believed 


Fic. 2. The ESR spectra of 
irradiated polycrystalline su 
crose (1), glucose (3), fructose 
(4), and a hypothetical one 
constructed from (3) and (4). 





that the high stability of the radicals is only apparent 
and is caused by the network of hydrogen bonds in 
saccharide crystals, preventing active gases from pene- 
trating the crystal lattice and also radicals from ap- 
proaching each other. When the network is broken, 
high stability is destroyed. 

It is the purpose of the present work to study the 
ESR effects of crystal fields or of the protons forming 
hydrogen bonds, using single crystals, and to get some 
more information on the structure and reactivities of 
the radicals. 

Not much work has appeared, yet, on the ESR 
studies of the radicals produced in irradiated single 
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Fic. 3. The ESR spectra of the ir- 
radiated single crystal with its a axis 
held perpendicular to the magnetic 
field. Angle (bH)=0°(1), 50°(2), 
90°(3), respectively. 


crystals. Work on single crystals of dimethyl glyoxime® 
and alanine® were reported by Miyagawa and Gordy. 
The structure of these crystals is relatively simple and 
it was possible to carry out a complete analysis of the 
spectrum obtained. 


EXPERIMENTAL 


The single crystals of sucrose used have the crystal 
habit shown in Fig. 1. The angle between face A and 
face B is 103°. 








a) 


Fic. 4. The ESR spectra of the irradiated single crystal with 
its b axis held perpendicular to the magnetic field. Angle (cH) = 
0°(1), 40°(2), 90°(3), 120°(4), 140°(5), and 160°(6), respec- 
tively. 


®T. Miyagawa and W. Gordy, J. Chem. Phys. 30, 1590 (1959). 
6]. Miyagawa and W. Gordy, J. Chem. Phys. 32, 255 (1960). 
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Fic. 5. The ESR spectra of the ir- 
radiated single crystal with its ¢ axis 
held perpendicular to the magnetic 
field. Angle (bH)=0°(1), 50°(2), 
90° (3) , respectively. 








The spacings of the crystal lattice in various direc- 
tions were measured by x-rays using the CuK, line. 
By comparing our data with the results of the x-ray 
studies by Beevers et al.,’ face A and face B were easily 
identified as (100) and (001) planes, respectively. 

Sucrose belongs to the monoclinic crystal system. 
Therefore, three kinds of cylindrical samples, the center 
axes of which coincide with the three crystal axes, i.e., 
a, b, and c axes, respectively, were prepared by cutting 
large crystals. They were irradiated in vacuum with a 
dose of 10° r and the ESR spectra were measured at 
25°C and at 9 400 Mc/sec. 








_—_——~> C 


Fic. 6. The b-axis projection of the sucrose crystal. Single 
circles show carbon atoms, double circles show oxygen atoms, 
and the dotted lines hydrogen bonds. 


7C. A. Beevers, T. R. R. McDonald, J. H. 


Robertson, and 
F. Stern, Acta Cryst. 5, 689 (1952). 
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RESULTS 


1. The ESR spectra obtained when sucrose, glucose, 
and fructose were irradiated in the polycrystalline state 
are shown in Fig. 2. Curve (2) shows a hypothetical 
spectrum which was constructed by adding two spectra, 
i.e., a spectrum of irradiated polycrystalline glucose 
and that of polycrystalline fructose. In this spectrum, 
the number of radicals contributed from glucose and 
fructose are equal. 

2. ESR spectra of the sample, the center axis of which 
coincides with the crystal a axis. The cylindrical sample, 
the center axis of which coincides with the crystal a 
axis, was placed in the magnetic field in such a way as 
to keep its center axis perpendicular to the magnetic 
field. As the crystal 6 axis is perpendicular to a axis, 
the angle between 6 axis and the magnetic field, angle 
(b, H), can be varied by the rotation of the crystal 
about its center axis. Nineteen measurements were 
made at every 10° of the value of the angle (6, H) in 
the range of 0°-180°. Some of the spectra thus obtained 
are shown in Fig. 3. 

3. ESR spectra of the sample, the center axis of which 
coincides with the crystal b axis. The measurements were 
made in the same way as with the a-axis sample. Nine- 
teen measurements were made at every 10° of the value 
of the angle (c, H), in the range from 0-180°. Some 
of the spectra thus obtained are shown in Fig. 4. 

4. ESR spectra of the sample, the center axis of which 
coincides with the crystal c axis. The measurements were 
made in the same way as with the a-axis sample. 
Nineteen measurements were made at every 10° of 
the angle (6, H) in the range of 0°-180°. Some of the 
spectra thus obtained are shown in Fig. 5. 

The rotation of the sample in the magnetic field 
about its center axis, always keeping the axis perpendic- 
ular to the magnetic field, is equivalent to changing 
the direction of the magnetic field in the plane per- 
pendicular to the axis, keeping the axis fixed. 

DISCUSSION 

The b-axis projection of the crystal structure is given 
in Fig. 6.7 A hyperfine structure of ESR spectra con- 
sists of an isotropic part and an anisotropic part. The 
pattern, Fig. 5, curve (3), is the simplest and may be 
considered as showing only the isotropic part, if the 
structure at the center is neglected. That is, with the 
condition under which Fig. 5, curve (3), is obtained, 
the anisotropic effect vanishes almost entirely. This 
observation gives strong support to the opinions of 
Williams ef al. Their opinion, that the radicals formed 
are of the type of X—CH—Y, seems correct as the 
g factor measured in Fig. 5, curve (3), is very near to 
2.0036 showing that the unpaired electron belongs to 
a carbon atom, and the pattern of curve (3), Fig. 5, 
can be regarded to be doublet in structure. 

With the sample, whose center axis coincide with 
the ¢ axis, little anisotropic hyperfine structure is ob- 
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Fic. 7. A proposed model of a radical produced in sucrose by 
gamma irradiation. The lobe at the center indicates the unpaired 
electron. 


served in the spectra, especially when the angle (6, H) 
is 90° as seen in Fig. 5. If we denote by r, the vector 
pointing from a radical to the ith proton affecting the 
radical i, and the angle between r,; and the magnetic 
field by 6;, the condition that all anisotropic hyperfine 
interactions vanish will be 3 cos*@;—1=0. The angle 
satisfying this formula is 55° or 125°. These r; will be 
distributed symmetrically against the plane perpendicu- 
lar to the ¢ axis and also will be distributed in the direc- 
tions nearly perpendicular to the ¢ axis, because even 
when the direction of H was changed in the plane 
perpendicular to c¢ axis, little anisotropic hyperfine 
interaction is observed. 

With the sample, whose center axis coincides with 
the a axis, considerable hyperfine interaction is seen 
in the patterns, but its separation is not clear, as shown 
in Fig. 3. The reason will be that there are different 
pairs of 0; and r,, which give values of (3 cos’*@,—1)/r,3 
differing only slightly, and the final spectra is observed 
as the superposition of many components become rather 
complicated. 

With the sample whose center axis coincides with 
the 6 axis the anisotropic hyperfine interaction is 
clearly seen as in Fig. 4. The reason will be that when 
H is in the plane involving @ and ¢ axis, only the protons 
existing near the (a, c) plane influence the ESR spectra, 
and the appearance and disappearance of the aniso- 
tropic effect is distinct when the direction of H is 
changed. The fact that the spectra obtained by the 
b-axis sample show the highest complexity when the 
angle (c, H) is near 50° or 120°, is easily understood if 
the angle between r, and the c axis is taken to be 55°, 
because r; would be nearly parallel to H at 50° or 120°. 
It is not yet possible to give a definite picture of radicals 
in sucrose but the radical shown in Fig. 7 may present 
one of the possible pictures conforming to the results 
of our experiment. As already mentioned, the ESR 
spectra obtained in the irradiated polycrystalline 
sucrose (1) in Fig. 2 is nearer to the hypothetical spectra 
(2). This fact is also in good accord with the assumption 
that the radicals are formed on a pyranose ring. 
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Heat capacities of TasH have been determined over a range of temperature extending from 12° to 555°K. 
Three very sharp \ points were observed, at 306, 332, and 333.5°K, suggesting that TazH exists in four 
forms—f; below 306°K, 2 between 306 and 332, 6; at about 333, and a above about 334°K. The heat ca- 
pacity data for TagH are used together with similar data obtained earlier for elemental tantalum and the 
entropy of formation of TazH, evaluated from vapor pressure work by Kofstad, Wallace, and Hyvénen, to 
compute the residual entropy of 6:—Ta:H. This is found to be —0.39+0.30 cal~ deg™ mole“. The data 
also are used to estimate configurational entropies of the 62 and 8; forms. These are 0.70 and 3.3 cal™ deg™ 
mole™!, respectively. The corresponding quantity for the a form is 4.9. 

The A points are attributed to rearrangements of the hydrogens in the 12-fold more abundant tetrahedral 
sites. At low temperatures the solute hydrogen atoms are presumed to populate the sites in an orderly 
fashion. With increasing temperature the ordered arrangement is altered and finally, in the a phase, de- 
stroyed. It is inferred from entropy calculations, however, that local order, probably pairing, persists in the 
a form even to 555°K, the highest temperature studied. 

Consideration is given to the possibility that the upper two A points, which nearly coincide, should really 
be one, the splitting being due to concentration gradients or strains. Differential thermal analysis of samples 
containing from 27.5 to 44.0 atomic % hydrogen suggests that the splitting is a true property of Ta.H, but the 


results are not completely conclusive. 


I. INTRODUCTION 


NE of the properties exhibited by many transition 
metals is the ability under appropriate conditions 
to absorb substantial quantities of hydrogen. Tantalum 
is one of the metals which possesses this ability. For 
example, at about 200°C and at a gas pressure of about 


1 atm it can absorb roughly 44 atomic % hydrogen. 

A number of years ago Kelley measured! the heat 
capacities of elemental tantalum and tantalum contain- 
ing 2.76, 6.33, and 8.74 atomic % hydrogen. His 
measurements, which covered the range from 53° to 
298°K, show the customary dependence of the heat 
capacity on temperature for the element. However, 
results for the hydrogenated specimens showed broad 
A-type thermal anomalies between 125° and 300°K. The 
excess heat capacity became noticeable at about 125°K 
in each case. It extended to 240°K in the case of the 
most dilute alloy, to 260°K for the sample containing 
% hydrogen and to 280°K for the most hydrogen- 
rich sample. 


6.33 


Several years ago a series of studies dealing with the 
Ta-H system was initiated in this Laboratory. One of 
the objectives of these studies was to establish, if 
possible, the origin of the thermal anomalies observed 
by Kelley. The first of these studies, a brief account of 
which has been published, was concerned with a deter- 
mination of the constitution of the Ta~H system below 
0°C using x-ray diffraction techniques.? In this work it 
was found that samples containing up to 20 atomic % 


* From a thesis submitted by W. G. Saba to the University of 
Pittsburgh in partial fulfillment of the requirements for the 
Ph.D. degree, January, 1961. 

7 This work was assisted by a contract with the U 
Energy Commission. 

1K. K. Kelley, J. Chem. Phys. 8, 316 (1940). 

?T. R. Waite, W. E. Wallace, and R. S. Craig, J. Chem. Phys. 
24, 634 (1956). 
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hydrogen were single phase and possessed. the simple 
body-centered-cubic structure of the parent metal at 
room temperature. However, if the primary solid solu- 
tion was cooled or if the hydrogen content was increased 
above 20% at room temperature, a second phase 
developed, whose composition is approximately repre- 
sented by the formula Ta2H. This work made it clear 
that the several hydrogenated samples used by Kelley 
consisted of two phases at temperatures below 175°K. 

Hereafter, in this paper the body-centered-cubic 
primary solid solution based on tantalum will be called 
the a phase and the phase which precipitates out at low 
temperatures will be called the 8 phase. Crystallo- 
graphic studies of the 8 phase using x-rays revealed that 
the structures of the two phases are very similar. They 
differ in that in 8-TasH one of the edges of the unit cell 
is larger than the other two by 0.8%. Thus the cubic 
symmetry is lost and 8-TasH is body centered tet- 
ragonal. 

The x-ray diffraction studies showed that when 
samples containing more than about 2 atomic % 
hydrogen are cooled to 125°K, virtually all of the hydro- 
gen present in the system collects in the 8 phase. It was 
furthermore ‘established in this work that as the sample 
is warmed up, hydrogen is transferred to the a phase 
and the amount of 8 phase steadily decreases until at 
some point, which is still below room temperature, the 
8 phase disappears entirely. From Le Chatelier’s 
principle one concludes that the precipitation of the B 
phase is exothermal. Hence its destruction is endo- 
thermal. It thus appears that the endothermal conver- 
sion of the two-phase system, the stable state at low 
temperatures, into a single-phase system at higher 
temperatures produces the excess heat capacities ob- 
served by Kelley. 
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TABLE 


I. Heat capacities of Ta2H. 


Ta2H 





Temperature C,* 
’ cal/deg 





Temperature C,)* 
of 


Temperature C,* 
cal/deg °K 


cal/deg 





Series I 286.75 7.887 255.18 6.692 
292.14 8.414 261.52 6.854 
3.408 297.12 10.15 267 .76 7.038 
641 301.14 1b ek 273.95 aaa 
864 304.08 Zi. 280.13 .519 
082 306.67 ah. 286.30 .850 
198 310.07 RS; 
341 314. 11:3 
486 319. 12.0: 
614 323. 33. .99 0. 
705 .18 
824 Series I 48 
928 .76 
019 .86 BK * .02 
104 300.29 } 
182 304.00 
253 .03 
325 .90 
392 315.76 
456 .00 
$22 
585 Series IV 
652 
715 200.48 5.826 
780 207 .60 5.904 
.845 214.92 5.989 .82 
.916 222.06 6.083 3:13 
228.83 6.176 
Series II 235.54 6.286 
242.19 6.408 
281.25 7.581 248.73 6.542 


Series V 


‘81 
20 
52 


AAU annn nnn ee ee ee 


WWNHNHNN 


Series VI 


20 re 
® Based upon sample containing 1 g atom of Ta. 


The results at this stage clarified the origin of Kelley’s 
thermal anomalies but raised some other rather interest- 
ing questions: (1) What is the essential difference be- 
tween aw and 8 TasH, or what at the atomic level, is 
altered when one of these phase transforms into the 
other at about 50°C? (2) Is this a A-type transformation 
similar to those observed by Kelley for alloys less rich 
in hydrogen or is it accompanied by a latent heat? (3) 
Is all configurational disorder removed at the transition 
point so that a unique arrangement of the hydrogens is 
then produced or are the solute particles still distrib- 
uted over more than one site per atom? If the latter, 
will additional transformations occur at lower tempera- 
tures so as to remove all positional randomness or will 
some disorder be frozen-in and persist to the lowest 
accessible temperatures and hence give rise to a nonvan- 
ishing zero point entropy? It is toward the answering 
of these questions and others emanating from that that 
the investigations described in this and the following 
paper are directed. The present paper is concerned 
largely with the evaluation of the residual entropy of 
Ta2H and obtaining estimates of its configurational 
entropy at several temperatures which are of special 
interest. In the following paper these data will be used 
together with results of neutron diffraction experiments 
to elucidate insofar as is possible the probable arrange- 
ment of the solute atoms in the several varieties of 
TaeH. 


Temperature C,* 
2; cal/deg 











Temperature  Cp* 


Temperature C,* 
cal/deg “ki 


cal/deg 
288.67 
293.01 
297 .08 
300.58 





7.998 332.14 172.: 451.90 994 
8.464 332.56 138. 458.47 .025 
9.952 332.96 208. 465.00 .081 
14.15 343.26. 2533: 471.57 .064 
303.27 20.63 333.62 134.6 478.10 085 
305.50 22.97 335.55 95 484.62 116 
307.75 20.12 339.64 973 491.15 718 
310.62 12.44 344.47 824 Sertes 1X 
314.10 = 11.25 349.31 805 devas 
317.64 11.73 354.14 .798 330.37 45.25 
321.07. 12.34 331.03 122. 
324.37. 13.17 Series VIII 331.34 182. 
331.58 200. 
Series VII .36 =: 23.07 331.82 189. 
345-1025 332. 145. 
63 (13 347.44 fe 332. 129. 
68 49 353.03 7.9 337: 170.5 
75 65 09 333. 218.6 
92 365.55 333. 177.4 
91 , 372.23 333. 53.16 
83 3. .07 335. 10.90 
.87 : 74 re 
.89 , .39 Series X 
84 04 496.10 8.142 
.80 : .67 504.09 8.184 
.74 30 512.08 8.219 
.04 520.05 8.233 
.16 528.08 8.291 
95 ; 536.09 295 
51 203. 544.06 336 
St... 229.7 8.380 


NNN NN NNN NN 








II. EXPERIMENTAL DETAILS 


A. Materials Employed and Preparation of Sample 


The tantalum, in the form of 0.015-cm thick foil, 
was purchased from the Fansteel Metallurgical Com- 
pany and was stated to be 99.9% pure or better. Part 
of it was analyzed spectroscopically and only Nb, Fe, 
Ca, Cr, Mo, and V were detected. Estimates of the 
maximum amounts of impurity were for Nb and Fe— 
each 0.01%, the others—each 0.001%. In addition it 
probably contained a few hundredths of a percent of 
dissolved oxygen, nitrogen, and carbon, although no 
analysis was made for these impurities. 

Prior to hydrogenation the sample was polished with 
emery cloth under oil, after which it was cleaned by 
washing in CCly, ether, and absolute alcohol. The hydro- 
gen used to prepare the sample was purified by passage 
first through a Deoxo unit and then through two char- 
coal traps at liquid-nitrogen temperatures. The hydro- 
gen was metered in using a gas buret system and after 
the appropriate quantity had been admitted, the 
sample, which was being held at 530°C, was cooled to 
room temperature over a period of about 10 hr. 

At this point some rough vapor pressure data were 
taken for later use in making corrections for the evap- 
oration of hydrogen into the dead space of the calorim- 
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lic. 1. Heat capacity as a function of temperature for Ta 
(dashed line) and Ta2H (full line). Data are for samples con- 
taining 1 g atom of tantalum in each case. At the upper thermal 
anomaly C, rises to a maximum value of 253 cal/deg. 


eter. (Subsequently a careful vapor pressure study was 
made, the results of which have now been published.*) 
At room temperature the residual pressure was about 
2 u. The temperature was gradually raised to 350°C, at 
which the vapor pressure was about 0.5 atm, and held 
there for 3 hr. After this the sample was cooled to 200°C 
(vapor pressure=5 mm), maintained at this tempera- 
ture for 6 hr and then cooled to room temperature. 

The sample being hydrogenated consisted of 11 pieces 
of foil. It was feared that some of these might hydrogen- 
ate more readily than others producing composition 
gradients in the sample. The heat treatment at 350° 
and 200°C were for the purpose of producing a sample 
whose composition was as nearly as possible uniform 
throughout. The rapidity with which the sample ab- 
sorbed or liberated hydrogen at 350°C suggested that 
3 hr was long enough for composition differences to 
have been eliminated. No appreciable graduations in 
composition should have resulted by further hydrogen 
absorption when the sample was cooled to room tem- 
perature since the dead space was such that even at 
350°C less than 0.5% of the hydrogen present in the 
system was in the gas phase. 

To test for possible inhomogeneity in the sample, a 
representative’ portion of it was examined with x-rays. 
The lines in the diffraction pattern were very sharp 
and there was nothing to indicate that the sample was 
of nonuniform composition. 

The sample initially used in the low-temperature 

3 P. Kofstad, W. E. Wallace, and L. J. Hyvénen, J. Am. Chem. 
Soc. 81, 5015 (1959). 

*When the low-temperature series of experiments was inter- 
rupted (vide infra), it was found that the sample, which initially 
consisted of pieces of foil 20 to 50 cm in Jength, had broken into 
flakes roughly 0.5 to 1 cm on an edge. Simultaneously an ap- 
preciable amount of fine powder was produced. There was every 
reason to believe that this powder came from all parts of the 
sample and hence was representative of the sample studied in 


the calorimeter. A portion of this powder was used for the x-ray 
examination, 
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calorimeter (12° to 325°K) weighed 618.367 g and con- 
tained 3.4091 g atoms of metal. After a portion of the 
range had been covered, a leak in the calorimeter de vel- 
oped and the sample had to be removed while repairs 
were made. At this point it was discovered that the 
large pieces of foil had broken up and a portion of the 
sample had crumbled to a powder. The powder, a part 
of which was used for the x-ray examination, was re- 
moved and the sample which was returned to the cal- 
orimeter weighed 583.707 g. When the low-temperature 
measurement were concluded and the sample was 
transferred to the high-temperature calorimeter, further 
loss occurred. The material used in these measurements 
weighed 549.617 g. 

From the amount of gas metered in, the composition 
of the alloy was computed to be 33.32+0.02 atomic % 
hydrogen. 


B. Apparatus Employed 


The measurements were carried out using the two 
adiabatic specific heat calorimeters which have been in 
use in the Laboratory for a number of years. They have 
been described elsewhere.®* The first of these was used 
to cover the range from 12° to 325°K while the second 
was employed for the range extending from 285° to 
555°K. Cognizance was taken of the heat absorbed by 
evaporation of hydrogen into the space surrounding the 
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Fic. 2. Heat capacity versus temperature for TazH in the 
region of the upper thermal anomaly. Data are for sample con- 
taining 1 g atom of Ta. @—-series VII, A—series IX. 


5R.S. Craig, C. A. Krier, L. W. Coffer, E. A. Bates, and W. E. 
Wallace, J. Am. Chem. Soc. 76, 238 (1954). 

6 W. G. Saba, K. F. Sterrett, R. S. Craig, and W. E. Wallace, 
J. Am. Chem. Soc. 79, 3637 (1957). 
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sample in the calorimeter (about 75 cm*). By using 
the vapor pressure and heat of vaporization data of 
Kofstad et a/.* it was found that correction for this effect 
was negligible even at the highest temperatures studied. 


C. Measurements Made 


A total of 75 determinations were made in the low- 
temperature calorimeter. The bath employed, range 
covered, and number of determinations in each of the 
five series of measurements made in this calorimeter 
were, respectively, as follows: I—liquid Ne, 70° to 
210°K, 25; IIl—ice slush, 280° to 325°K, 11; I1I—ice 
slush, 295° to 320°K, 7; IV—dry ice-acetone, 200° to 
285°K, 14; V—liquid He, 10° to 75°K, 18. 

Five series of measurements, involving a total of 84 
determinations, were made in the high-temperature 
calorimeter. The range covered and the number of 
determinations are as follows: VI—285° to 325°K, 13; 
VII—305° to 355°K, 26; VIII—345° to 490°K, 25; 
IX—330° to 336°K, 12; X—495° to 555°K, 8. 

In any series measurements were made in such a 
way that the entire temperature range was covered; 
that is, the final temperature in one determination was 
the initial temperature in the next. 

Initially the sample consisted of six sheets, 7.530 
cm; 2 sheets, 5X45 cm; and 1 sheet, 522.5 cm. These 
had been rolled up, hydrogenated, and introduced into 
the calorimeter. The sample in this form was used in 
series I and IT. As mentioned earlier, near the conclusion 
of series II the soldered joint at the top of the calorim- 
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Fic. 3. Heat capacity as a function of temperature for Ta 
(dashed line) and Ta.H (full line) in the region of the thermal 
anomalies. Data are for samples containing 1 g atom of Ta in 
each case. 
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Tas _e II. Smoothed heat capacities* and related thermal data* 
for TaeH. 
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2 0.003 0.00 0.000 
10 0.0237 0.06 0.006 
20 0.196 0.97 0.049 
30 663 5.01 167 
40 357 15.04 .376 
50 086 32.27 645 
60 761 00. .010 
70 318 of. 301 
80 782 126. .583 
90 157 165. 835 

100 444 208 O84 

110 686 254. 310 
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160 429 507. 171 
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* Based upon sample containing 1 g atom of Ta. 


eter softened and the helium exchange gas was pumped 
away. To repair this the sample had to be removed, as 
stated above, whereupon it broke into flakes. The sam- 
ple was in flake form for the remainder of the work. 

Since the vapor pressure of Ta2H is 2 y, or less, at 
325°K, it appeared unlikely that a significant amount 
of hydrogen had been lost when the calorimeter opened 
up. Even so as a precautionary measure, measurements 
in the range 295° to 320°K were repeated (series LIL). 
Results obtained in series I] and III were in excellent 
agreement, which substantiated the notion that the loss 
of hydrogen was insignificant. 


III. RESULTS 


A. Measured Heat Capacities 


The data obtained corrected for curvature are given 
in Table I. The variation of C, with temperature is 
sketched in Fig. 1 together with similar results for 
elemental tantalum. Excess heat capacities are ob- 
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Fic. 4. Sketch of Cp vs temperature for Ta,H to indicate the 
procedure employed in evaluating the configurational entropies 
given in Table III. For clarity the diagram is somewhat distorted. 
The areas Aj, Az, and A; pertain to 1-62, B2-B3, and 8;-a@ transi- 
tions, respectively. 


served around 305° and 330°K, indicating second-order 
transitions at these temperatures. The latter transition 
gives rise to a large and exceedingly sharp A-type 
thermal anomaly. Furthermore, the data obtained in 
series VII seemed to indicate that this peak in the heat 
capacity was a doublet, implying that this transition 
occurred in two stages. Since this was very unusual and 
not expected, the region around 330 was carefully rein- 
vestigated (series IX.) to verify that the peak is indeed 
a doublet. In these measurements the energy used was 
decreased so that the temperature increment averaged 
only about 0.3°. These data, shown in Fig. 2, together 
with those obtained in series VII, corroborated the 
earlier finding. The variation of C, with temperature in 
the region of the anomalies is sketched in Fig. 3. This 
shows how exceedingly sharp the higher temperature 
anomalies are. 

Smooth heat capacities and related thermal data are 
given in Table II. Results for the region extending from 
300° to 340° are not included. These have been omitted 
partly for the sake of brevity and partly because the 
smoothing process is less reliable in this region due to 
the rapid variation of C,. The data obtained by such 
smoothing as is possible are given elsewhere.’ Judging 
from the scatter of the data the precision of the results 
obtained using the high-temperature calorimeter is 
about 0.1%, except for temperatures in the immediate 
vicinity of the thermal anomalies. In these ranges 
estimates of precision were not made. With the other 
calorimeter the precision was somewhat better. The 
scatter of data indicated a precision of about 0.05% 
from 50° to 300°K. However, below 50°K it rose to a 
maximum of about 2% at the lowest temperatures 
employed. In the region of overlap results obtained 
with the two calorimeters agreed within 0.2%, indicat- 
ing that systematic errors were probably not in excess 
of this. 

On the basis of the heat capacity data TagH seems 
to exist in four forms—; below the thermal anomaly 
at about 306°K, Bo between 306 and 332°K, 3 in an 


7W. G. Saba, Ph.D. Thesis, University of Pittsburgh (1961). 
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extremely narrow interval of temperature at about 
333°K, and a above the thermal anomalies, that is from 
about 334°K up. 


B. Configurational Entropies 


From vapor pressure work previously carried out in 
this Laboratory* the entropy of formation of a-Ta,H 
has been established for temperatures ranging from 300° 
to 400°C. Using these results together with the present 
heat capacity data and similar data for elemental 
tantalum published earlier® the residual entropy of 
6i-Ta2H can be computed. The data can also be used to 
estimate the configurational entropy of the Be, 63, and 
a forms. 

From the vapor pressure data Kofstad, Wallace, and 
Hyvoénen computed the entropy change for hydrogen- 
ating tantalum as follows: 


2Ta(s) +3H2(1 atm)—a-TagH(s) ASs730K 
= —12.24+0.18 cal/deg. (1) 


Using the known entropy of hydrogen’ at this tempera- 
ture one obtains 


( StTasH— 2ST. )s73°K = 5.64+0.19 cal/ deg. ( 2) 


The residual entropy of §,-TagH can then be com- 
puted from the relationship 


(Sg,-TasH Joor= (Stasu— Sra) 873°K — 573 ( AC vy T)dT, 


(3) 
in which AC,=(C,)TasxH—2(C,)Ta. Inserting the 
appropriate data and evaluating the integral graphically 
one obtains 


(Sg,-ragt) O°K = —0.39+0.30 cal/deg. (4) 


Taking this result to signify that at low temperatures 
there is no configurational entropy in the 8; form, one 
can then estimate the configurational entropy of the 
other forms merely by adding up the entropy changes 


Taste III. Estimated configurational entropies of f2-, B3-, and 
a-TasH. 


Configurational 
entropy of high 
temp. form 
cal deg“ mole 


AS of 
transition 
cal deg™ mole 


Transition 








Bi Ba 0.70+0.05 


B2—Bs 


0.70+0.05 
2.6+0.1 3:30.15 


Bsa 


1.59+0.05 


4.9+0.2 


8K. F. Sterrett and W. E. Wallace, J. Am. Chem. Soc. 80, 
3176 (1958). 

9“Tables of thermal properties of gases,” National Bureau of 
Standards Circ. No. 564 (1955), Table 6-5, p. 280. 
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associated with the three thermal anomalies.’ The 
procedure employed in estimating these entropy changes 
can best be understood in terms of the sketch in Fig. 4. 
In each instance the course of the normal heat capacity 
curve is estimated from a large scale plot of the data for 
temperatures extending well outside the range in which 
there is excess heat capacity. The differences between 
these estimates (represented as the dotted and dashed 
curve in Fig. 4) and the observed results are the heat 
capacities ascribed to the transitions. Thus the area 
labeled Ay pertains to the 6;-@2 transition and A» and 
A; refer to the 82-8; and §3-a transitions, respectively. 
Delineation between the latter two transitions was made 
arbitrarily at the temperature corresponding to the heat 
capacity minimum, 332.4°K. 

The results obtained are given in Table III together 
with the estimated uncertainties. The latter include 
only contributions due to the uncertainty in locating 
the normal heat capacity curve. Uncertainties due to 
overlap, to the arbitrary division of energies at the split 
peak, etc., are not included. Despite those limitations 
the estimates are of value, particularly that for the 62 
form, in connection with the discussion in the following 
paper. 


IV. DISCUSSION OF RESULTS 


The heat capacity measurements clearly reveal the 
existence of two A-type thermal anomalies for Ta:H. 
Although the matter is not conclusively settled as yet, 
recent experimental evidence (vide infra) seems to 
indicate that the upper anomaly is a doublet, so that 
there are a total of three \ points for this alloy. The 
factors responsible for these thermal anomalies are 
naturally of considerable interest. One possibility which 
initially seemed to merit attention is that some, or all, 
of these transformations might be of magnetic origin. 
Experiments designed to ascertain whether or not this 
is the case, described in the following paper, indicate 
that the transition does not originate with magnetic 
effects. 

The other possibility is that the \ points result from 
structural rearrangements of the dissolved hydrogens. 
To indicate why this seems physically plausible it is 
necessary to consider two aspects of transition metal- 
hydrogen systems which have become clear, partly as 
a result of thermodynamic work and partly due to 
neutron diffraction studies. First, many investigations 
have shown that in dilute solutions the vapor pressure 
of hydrogen over such systems is linearly dependent on 
the square of the hydrogen concentration." This 
indicates that the dissolved hydrogen exists as a mona- 
tomic species. Second, neutron diffraction measure- 
ments have shown that the hydrogens are usually 

10 The data can be used in another way (see below) to estimate 
configurational entropies. 


4 P, Kofstad and W. E. Wallace, J. Am. Chem. Soc. 81, 5019 
(1959). 


2D. P. Smith, Hydrogen in Metals (University of Chicago 
Press, Chicago, 1948). 
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located in the tetrahedral’ interstices, or sites, but on 
occasion they can also occupy the octahedral sites." 

In TagH there are many more interstitial sites than 
there are hydrogens to fill them. To be specific there are 
a total of 18 interstitial sites, 12 tetrahedral and 6 
octahedral, sites available per hydrogen. If the hydro- 
gens were noninteracting, one or the other or both of 
these sets of sites would be randomly populated by the 
solute particles. The evidence indicates that the hydro- 
gens do interact, however, and hence if one site is 
occupied, the other hydrogens will, at low temperatures, 
selectively occupy sites in such a way as to minimize 
the energy of the system. Thus at these temperatures 
there will be an ordered arrangement of the interstitial 
hydrogens. With increasing temperature the solute 
atoms are expected to rearrange to permit the system 
to acquire a higher entropy. Thus an order-disorder 
transformation involving the interstitial hydrogens is 
expected from general considerations. Actually the 
results obtained in the present study for TasH seem to 
indicate that the transformation takes place in three 
stages, giving as indicated above, four forms of Ta.H. 

Information pertaining to the arrangements of the 
hydrogens in the several forms of TagH is obviously of 
interest. Discussion of these will, however, largely be 
postponed until the next paper, which deals explicitly 
with the probable hydrogen structure for the 8; and 82 
varieties. Some remarks are appropriate at this time 
about the hydrogen arrangement in the a form, how- 
ever, since it is not discussed later. 

In the following paper it is shown that the hydrogens 
in the low-temperature modifications of TasH occupy 
certain of the tetrahedral sites. On this basis it seems 
justified to assume that in the high temperature, or a-, 
form they are also in the tetrahedral sites. Initially it 
was supposed that the distribution over the sites was 
random, or very close to it. The entropy data contained 
in this paper show that this is not the case. The calcu- 
lated value for the configurational entropy (S.) in 
eu/g atom of H is 6.84 if the hydrogens are distributed 
randomly over all the tetrahedral sites. The correspond- 
ing experimental value is estimated to be about 5.0 eu 
for temperatures ranging from 340° and 573°K. 

The available data can be employed in two ways to 
estimate the configurational entropy just cited. Both 
ways involve the assumption that the quantity Sr,,.a— 
2Sq_ can be resolved into components as follows: 


Stag a 2S ta 2 AS,+Su +S. (S ) 


Here Sy represents the vibrational entropy of the solute 
and AS, represents the quantity (Stagy—2Sra)». AS, 
is the difference in vibrational entropy of hydrogenated 
and pure tantalum. The quantity Sraju—2S7, is known 
to be 5.6 cal/deg for 573°K and 4.7 cal/deg for 340°K. 


Oxford, England, 1955), p. 181. 
4 C. E. Holley, Jr., R. N. R. Mulford, F. H. Ellinger, W. C. 
Koehler, and W. H. Zachariasen, J. Phys. Chem. 59, 1226 (1955). 
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AS, and Sy are estimated by appropriate calculations 
as will now be indicated. 

In recent years the notion has come to be generally 
accepted that hydrogen dissolved in transition metals 
behaves like an Einstein oscillator. This point of view 
is supported by cold neutron scattering work™:'® and is 
in line with theoretical expectations." If the character- 
istic temperature (0g) is known, Sy can be readily 
evaluated. Unfortunately, @¢ for hydrogen in tantalum 
has not been determined. However, examination of the 
Zr-H system by neutron scattering techniques indicates 
a characteristic temperature of 1500°K in this case. 
This value of 6 may be assumed to apply also to the 
Ta-H system for the purpose of calculating Sy since 
only an approximate value of this quantity is required. 
When this is done, Sy is found to be 0.4 and 1.7 cal/deg 
at 340° and 573°K, respectively. 

AS, can be estimated from the Debye characteristic 
temperatures (@p) of the two materials. @p for Ta is® 
230°K. @p for TasH was evaluated to be 250°K using 
C, data" in the liquid nitrogen range, where the hydro- 
gen contribution to the heat capacity is negligible. 
Using these values, AS, was evaluated to be —0.8 and 
—1.2 cal/deg at 340° and 573°K, respectively. Thus all 
quantities, except S., in Eq. (5) are known and hence 
S, can be evaluated. The value found is 5.1 cal/deg at 
both 340° and 573°K. 

The other means of evaluating S, is through the use 
of the data in Table III. There, it will be noted, S, for 
the a form just above the highest \ point, approximately 
340°K, is given as 4.9 cal/deg. The increase in S, on 
raising the temperature to 573°K can be evaluated 


using Eq. (5). From the discussion in the preceding 
paragraphs the increments in Sya,a—2Sta, AS, and Sy 


are 0.9, —0.4, and 1.3 cal/deg, respectively, from which 
one estimates S, at 573°K to be also 4.9 cal/deg." 

It is thus clear that the configurational entropy is 
considerably less, even at 573°K, than that which would 
be characteristic of the system if the hydrogens were 
randomly distributed over the tetrahedral sites. This 
indicates that while all sites may be equally populated, 


6 J. Pelah, C. M. Eisenhauer, D. J. Hughes, and H. Palevsky, 
Phys. Rev. 108, 1091 (1957). 

16 W. L. Whittemore and A. W. McReynolds, Phys. Rev. 113, 
806 (1959). 

7 E. W. Montroll and R. B. Potts, Phys. Rev. 100, 525 (1955). 

'8 Correction of Cp to Cy was made assuming the compressi- 
bility and expansivity of TasH to be the same as that for pure Ta. 
Correction for the electronic contribution was made using the 
expression C.i1=4X10-*T (in cal/deg g atom), based on un- 
published measurements of G. Galli, H. Sandmo, and R. S. 
Craig in this laboratory. 

1” These calculations also indicate that the excess Cp for a— 
TasH over that for the pure metal has been accounted for satis- 
factorily under the assumptions cited, namely that the tantalum 
cores are coupled to produce a Debye solid with characteristic 
temperatures as given and the hydrogens are almost entirely de- 
coupled and act as Einstein oscillators. The excess heat capacity 
is due exclusively to vibrational excitation of the interstitial 
hydrogens, the almost linear rise being due to the high value 
ol Ox. 
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an appreciable amount of short range or local order, 
probably pairing, exists in the solution. 

The tendency to pair originates in a simple way. 
Hydrogen in tantalum is known to be positively 
charged.” When it is placed in a site, it undoubtedly 
repels its four neighbors, disturbing the lattice locally. 
As it enlarges its own site, it enlarges certain of the 
adjacent sites so that they become energetically favor- 
able for other solute particles compared to more remote 
interstitial positions. In this way the pairing, or, more 
generally, correlation of positions develops. 

One other aspect of the results obtained merits dis- 
cussion, namely, whether or not the double thermal 
anomaly at about 330°K is a true property of TasH. 
There is no question as to the reality of the splitting of 
the peak. The results obtained are entirely unambiguous 
in this respect. The question is whether or not the 
sample which was studied was TasH. In preparing the 
sample there was, as indicated above, simultaneous 
hydrogenation of a number of sheets of tantalum, 
possibly having variable permeability to hydrogen, so 
that the sample might not have been uniform through- 
out. Precautions were exercised in forming the sample 
to prevent this and it is believed that it was free of 
composition differences. If, however, one assumes that 
these efforts were fruitless and that some of the sheets 
hydrogenated to saturation while the others shared the 
remaining hydrogen, the sample employed in the heat 
capacity work would consist of two parts, one hydrogen 
rich and the other hydrogen poor. In this case if the 
\-point temperature were a sufficiently strong function 
of composition, a doublet would result. 

It was found that the thermal anomalies in the Ta-H 
system could be rapidly and conveniently studied using 
differential thermal analysis (DTA). Eleven Ta-H 
samples, having compositions varying from 27.5 to 44.0 
(saturation) atomic % hydrogen, were examined using 
this technique in an attempt to ascertain whether or 
not the split peak is characteristic of TagH. The results 
while not completely conclusive, suggested that this is 
the case. 

Three samples, Nos. 1, 2, and 3, having compositions 
33.3% hydrogen were examined using DTA. No. 1 was 
a portion of the calorimetric sample. No. 2 was prepared 
by Dr. A. Pebler in this Laboratory from a single piece 
of tantalum wire. No. 3 was made by hydrogenating a 
piece of foil. It was prepared in the Atomics Interna- 
tional Research Laboratory and was made available 
for the present work by Dr. W. G. Gehman. Each of 
these three samples showed a split DTA peak between 
58° and 60°C. The splitting was found to be slightly 
greater for numbers 2 and 3, which were prepared from 
single pieces of metals, than for No. 1. This indicated 
that if the splitting is a result of composition gradients, 
the homogenization procedure employed in preparing 
the calorimetric sample was reasonably successful. 


*”W. B. Hillig, Ph.D. dissertation, University of Michigan 
(1953). 
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The 44.0% sample showed that the upper thermal 
anomaly was split into two peaks, at 63° and 68°C. The 
\-point temperatures are thus increased by up to 8° in 
the saturated metal over those for TagH. This appears 
to exclude the possibility to which allusion was made 
earlier that a portion of the sample used in the calorim- 
eter might have been hydrogenated to saturation. 
Accordingly it must be concluded that if concentration 
differences existed in the sample, they were not such as 
to produce two portions each having its own discrete 
hydrogen concentration. Instead the sample must have 
been comprised of pieces of metal with a range of hydro- 
gen content about 33.3%, in which case a smearing out 
and running together of \-points would be anticipated 
rather than a splitting into two components. 

Nine of the 11 samples studied by DTA showed the 
upper thermal anomaly to be split into two peaks. The 
other two (30.2 and 32.5% hydrogen) did not, but an 
alloy with an intervening hydrogen concentration 
(31.3%) did reveal the splitting. Results for the two 
which failed to show the splitting are questionable, 
however, since they alone failed also to reveal the 
thermal effect associated with the 8;-(» transition. 

These results indicate that the splitting occurs for 
alloys having a considerable range of composition. 
Furthermore, since all the samples, except No. 1, were 
hydrogenated in one piece and hence had the maximum 
opportunity for homogeneity, it seems as if the splitting 
was not due to nonuniformity of composition. This 
point of view is reinforced by the observation that the 
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doublet is observed for the saturated solution, in which 
gradations in hydrogen concentrations are rather un- 
likely. 

The argument, if left here, seems fairly convincing 
with regard to the doublet \ point for TagH. Apart 
from the questionable nature of the results for the 30.2 
and 32.5% samples, however, there is another respect 
in which the DTA results were not entirely satisfactory. 
The \ points disclosed using this technique failed to 
show a smooth dependence on compositions; instead 
they varied in a somewhat erratic fashion, which 
diminished to some extent confidence in the reliability 
of conclusions based on these measurements. In addi- 
tion it is perhaps significant that the observed splitting 
for the three 33.3% samples averaged about a degree 
whereas the splitting for the others was on the average 
about double this figure. It seems possible therefore 
that the doublet results from secondary effects, for 
example variation of stress, which accompany hydro- 
genation of the metal and these are greater for the 
offstoichiometry samples. Clarification of this point, 
however, must await further work. 
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Neutron diffraction data are presented for TazD at 4°K, 78°K, 
room temperature, and 53°C. The patterns are indexed assuming 
a pseudocubic unit cell, the cell edge being 6.74 A at the three 
lowest temperatures and 3.37 A at 53°C. The enlarged unit cell 
in the low temperature (8,) form is attributed to ordering of the 
deuteriums in the tetrahedral interstices. Attempts are made to 
establish the arrangement of the deuteriums (D’s) in the 6; and 
82 forms. For the latter, the stable form at 53°C, the intensities 
can be accounted for in three ways—by random distribution 
over 3 (L group), over § (.S group) or over all of the tetrahedral 
interstices. From general considerations the first of these is 
thought to represent the actual situation in 62-TazD. In this the 
D’s are distributed over the sites at 3 } 0, } $0, } 40, } }0+000 
3. Analysis of the 8; pattern shows that despite the 
fact that this form has a vanishing residual entropy there is no 
unique configuration of the deuteriums. Instead, to account for 


and +4 4 


the observed intensities one must accept a structure in which 
each deuterium is statistically occupying more than one site. 
Assuming each D to be distributed over two sites three satis- 
factory structures are obtained. These, designated A, B, and C, 
belong to space groups /4, /4, and [4;, respectively. Structure A 
seems the most reasonable of the three and hence is accepted as 
the one which is probably correct. In it the 8 D’s are statistically 
occupying the 16 tetrahedral sites at $ 4 0, } 30, § $0,340, 
$04,301,023 1,03 14000, and +3 3}. 

There is an apparent conflict between conclusions based on 
thermodynamic work and those developed from analysis of the 
diffraction data for the 6, form as well as for the 8; form. The 
observed configurational entropies of both forms are much less 
than those expected for the accepted structures. The discrepancies 
are thought to be due to local order. 





I. INTRODUCTION 


N earlier studies of the tantalum-hydrogen system 

in this laboratory it has been found that at tem- 
peratures above about 60°C the range of primary 
solubility of hydrogen in tantalum extends to about 
44 atomic % hydrogen.'? At lower temperatures the 
range of composition of the primary solution (a phase) 
is restricted by the formation of an intermediate 
phase (8 phase) based on the formula Ta2H. The 
temperature at which this phase precipitates out de- 
pends of course on the composition of the system. At 
33% atomic % hydrogen the transformation of the a 
form into, or the precipitation of, the 8 form occurs 
when the sample is cooled below 60°C. The a form 
possesses the body centered cubic structure of ele- 
mental tantalum. 8-Ta2H is body-centered tetragonal 
in structure. However, its axial ratio is nearly unity 
(1.008 measured at 25°C) and hence the 8 form is a 
slightly distorted version of a-Ta2H. 

The present study was undertaken in an attempt to 
establish the structural difference between the a and B 
forms of TasH. When the work was initiated, it was 
thought that there were only two polymorphic varieties 
of this alloy. Since that time the heat capacity data re- 
ported in the preceding paper* have been obtained and 
it has become evident that there are at least three and 
perhaps four forms of Ta2H. Hence the transformation 
occurs in two or three stages instead of one, as was 

* This work was assisted by the U. S. Atomic Energy Com- 
mission. 

1T. R. Waite, W. E. Wallace, and R. S. Craig, J. Chem. Phys. 
24, 634 (1956). 

2 P. Kofstad, W. E. Wallace, and L. J. Hyvénen, J. Am. Chem. 
Soc. 81, 5015 (1959). 

3W. G. Saba, W. E. Wallace, H. Sandmo, and R. S. Craig, 
J. Chem. Phys. 35, 000 (1961). 


originally presumed. The purpose of the present study 
is to clarify insofar as it is possible the nature of the 
transformation which occurs at each of these stages. 

Initially two different kinds of phenomena were con- 
sidered as the factors possibly responsible for the B-a 
transformation. First, the notion was entertained that 
the transition might be of magnetic origin—a Néel or 
Curie point—with the alteration in symmetry produced 
as a secondary effect. Second, it was considered that 
the transformation might be due to a rearrangement of 
the interstitial hydrogens within the more abundant 
interstitial positions. Again in this instance the displace- 
ment of the tantalum cores would occur as a secondary 
effect, brought about by the details of the interactions 
of these cores with the solute hydrogens when they 
preferentially occupy certain of the interstitial sites. 

While the second of these alternatives was favored 
from the outset, it was necessary to dispose of the 
other by resort to experiment, since there are well 
known instances in which strongly paramagnetic 
metals become either ferromagnetict or antiferro- 
magnetic? upon hydrogenation and since the crystallo- 
graphic alterations at Curie or Néel points, particularly 
at the latter, are similar in kind and magnitude to that 
accompanying the transformation in Ta2H. 

The simplest examination indicated that the sample 
was not ferromagnetic in the 6 form. Furthermore, 
determination of its susceptibility showed a tempera- 
ture independent susceptibility over a range of tem- 
perature which included the transition point, thus 
excluding the possibility of a Néel point. Hence, it was 


4W. Trzebiatowski, A. Sliwa, and Roczniki 
Chem. 26, 110 (1952). 

®°W. Trzebiatowski and B. Stalinski, Bull. Acad. pol. Sci. 1, 
131 (1953). 


B. Stalinski, 
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clear that the transformation was not magnetic in 
origin. 

To document the thesis that the transition is pro- 
duced by a rearrangement of the dissolved hydrogens 
the resistivity-temperature behavior of TasH was 
investigated between 27 and 75°C. The results of this 
study were, as will be indicated below, consistent with 
the presumed nature of the transition, but this kind of 
evidence alone is by no means conclusive. The only 
satisfactory evidence is that obtained from neutron 
diffraction work. Accordingly, a sample of Ta2,D was 
examined? using this technique at temperatures ranging 
from 4°K to 53°C. Interpretation of the results so ob- 
tained indicates that the transition is indeed due to an 
order-disorder transformation involving the inter- 
stitial hydrogens. Furthermore, as will be brought out 
in detail below, analysis of the diffraction results 
provides information concerning the probable location 
of the deuteriums in two of the forms of Ta.H. 


II. EXPERIMENTAL DETAILS 


The sample was prepared using the same equipment 
and essentially the same technique as was employed in 
preparing the Ta2H sample for the heat capacity studies 
described in the preceding paper.* The tantalum in 
sheet form was obtained from the Fansteel Meta!lurgi- 
cal Company. Details concerning its purity have been 
given.’ The deuterium gas was obtained from the 
Stuart Oxygen Company. Its hydrogen content was 
stated to be 1.5% or less. 

The sample contained 146.052 g or 0.8074 g atom of 
tantalum and 0.4234 g atom of D. It therefore had a 
deuterium content of 34.40+0.02 atomic %. 

To assist the homogenization of the sample it was 
slowly cooled from 310 to 189°C over a 12-hr period 
and from 189°C to room temperature over a period of 
18 hr. The sample initially examined was in the form 
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Fic. 1. Resistance versus temperature for tantalum wire 
hydrogenated to 33.4+0.5%. 


.° Ta2D was used instead of TasH in the work because of a more 
favorable neutron scattering factor for the deuteron. On the basis 
of x-ray evidence, Ta2D and Ta:H exhibit identical behavior, at 
least as regards the 6-a transition, and hence are discussed in 
this paper interchangeably. 
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TABLE I. Neutron diffraction data for TaD. 








Line positions* (20) and relative intensities (J) 


Room 
Temperature 


I 


78°K sae 





189 
170 
2290 
160 


1020 
190 
2790 
70 
600 


® Neutron wavelength=1.065 A. 


of about 50 6-mil sheets. Preferred orientation was 
found to be extensive with the material in this form 
and the measured intensities were not satisfactory. It 
was then ground to a fine powder and all the useful 
data were obtained with the sample in this form. 
X-ray examination of a portion of this powder revealed 
sharp lines, suggesting that the homogenization had 
been satisfactory. 

III. EXPERIMENTAL RESULTS AND INDEXING THE 

PATTERNS 


The resistance-temperature data obtained for Ta.H 
in the form of 20-mil wire are shown in Fig. 1. Sharp 
rises in resistance are in evidence between 32 and 40°C 
and between 53 and 60°C, as would be expected if the 
crystal is experiencing an order-disorder transforma- 
tion in those temperature ranges. The temperatures at 
which the rise in resistance occurs correlate well with 
the A-point temperatures—33°C and 58 and 60°C 
observed in the heat capacity work. However, it is to 
be noted that the resistance data give no indication’ of 
two stages of transition near 60°C. Otherwise, they are 
fully in accord with the notion that the transitions are 
due to the destruction of an ordered arrangement of 
interstitial hydrogens. 

The neutron diffraction data are summarized in 
Table I. These results clearly show that the structure 
of the material is the same throughout the temperature 
range from 4°K to room temperature and thus are 
consistent with the heat capacity data which show no 

7 This might result from the fact that one of these two stages 
involves a structural alteration which has little or no effect on 
the scattering of the conduction electrons. A change from one 


type of local order to another, as is involved in one of the possi- 


bilities suggested for the 62-8; transition, might be such an 
alteration. 
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TABLE IT. Comparison of observed and calculated neutron 
diffraction line intensities for B2 TaD. 








Relative intensities 
Calculated assuming random 
distribution in tetrahedral 
interstices 
L sites 
only* 


S sites 


Line Measured only* Land S sites 





110 35 89 87 
200 J 43 
211 


220 24 





* See text for definition of S and L. 


thermal anomalies in this range.’ The data in the first 
six columns of Table I are hence for Ta2D in the form 
that is designated 6,. The diffraction results at 53°C, 
in the range where 62-Ta2D exists, are very different 
from those obtained at lower temperatures, indicating 
that the difference in structure for the two polymorphic 
varieties is such that it can be studied by neutron 
diffraction techniques. 

Analysis of the data for 8,-Ta2D has been confined to 
the pattern obtained at 78°K, since the data in this 
instance are the most complete. X-ray examination of 
the 6; form has shown it to be tetragonal with a= 3.37 
A and c/a=1.008. Since the linewidth in the neutron 
pattern for those lines which should be split by the 
tetragonality are comparable with or greater than the 
expected splitting, the sample appears to be cubic, or 
rather pseudocubic, in the present study. Assuming a 
pseudocubic material, the pattern is readily indexed 
and a spacing of 6.74 A is found. Thus when examined 
with neutrons §;-Ta2D exhibits a doubled periodicity 
in all three directions over that observed with x rays. 
The indices of the lines observed at increasing Bragg 
angles are 110, 211, 220, 301, 312, 400, 411, 422, 314, 
and 440. 

X-ray examination of the 82 form reveals that it is 
also tetragonal with lattice parameters essentially the 
same as those for 8; Ta2D. Again, the resolution using 
neutrons is insufficient to disclose the line splittings 
due to the tetragonality and the pattern is indexed on 
the basis of a pseudocubic cell, in this instance with an 
edge of 3.37 A, the same as that observed using x rays. 
The indices for the four lines reported in Table I are 
110, 200, 211, and 220. In addition two other lines were 
observed, at 20=59.7 and 72.2. They were not included 
in Table I since the intensity measurements were not 
completely satisfactory in these cases. Their positions, 
however, are consistent with the unit cell chosen and 
their indices are 103 and 321, respectively. 

8 The data reported in the preceding paper extend down to 
only 12°K. Unpublished measurements of G. Galli, H. Sandmo, 


and R. S. Craig on Ta2H extending to 1.5°K show no additional 
thermal anomalies below 12°K. 
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IV. ATOMIC ARRANGEMENT IN 8. TaD 


The unit cell for this material contains two tantalums 
and one deuterium. The tantalums are, of course, situ- 
ated at 000 and 3 3 3. On the basis of previous studies 
of transition metal-hydrogen systems®"°" it was pre- 
sumed when analysis of the 82 pattern was begun that 
the deuteriums were located in the interstitial positions, 
either in the tetrahedral or in the octahedral sites. The 
absence of lines with h+k+/ odd indicated a body 
centered structure. Thus, since there is only one 
deuterium per unit cell, it was clear that the D’s are 
distributed over two or more sites in the cell. 

First, we consider the octahedral sites 0;, 02, and 03 
at 330,303 and 0344 and 0/7, 0’, and 0,’, at 00 3, 
0 3 Oand 3 0 0. We designate the fractional occupancies 
of 0, 02, and 03 as x, y, and s, respectively. From the 
centering condition these are also the fractional oc- 
cupancies in 0;’, Oo’, and 0’. Since there is only one D 
in the cell, s=3—(x+y). Thus the line intensities are 
expressible as functions of x and y. When this is done, 
it is found that no possible values of x and y will lead 
to an intensity distribution matching that which is ob- 
served. For example, the ratio of intensities of the first 
(110) and third (211) lines can be shown to be inde- 
pendent of x and y. The computed value” for this ratio 
is 1.6 whereas the observed ratio of intensities is 0.85. 
Calculations for the second line (200) show an intensity 
relative to that of the third line ranging from a mini- 
mum value of 0.9 when x= y=0 to a maximum of 1.2 
when x= y= (random distribution over all octahedral 
sites). The experimental ratio is 0.4. On the basis of 
such comparisons it was quite clear that the solute 
atoms are not located in the octahedral sites. 

Next, we consider the six tetrahedral sites 7), 7, 
T3,°°:T, at 5 4 0,3 $0,4430,2340,034,and30} 
and the other six 7y', T2’,+++7¢’ whose positions are 
related to those of the first by the translation } } 4. 
In a cubic material all twelve tetrahedral sites are 
structurally equivalent. When it is distorted to tetrag- 
onal symmetry, the sites divide into two groups, which 
for simplicity may be termed the S and L groups. The 
four sites 75, 75, 75’, and 7.’ comprise the S group. 
The four tantalum cores adjacent to these sites are all 
equidistant at the distance d, (about 1.80 A). Due to 
the tetragonality of the alloy the neighboring tantalums 
are not all equidistant from the other eight, or L, sites. 
Two are at a distance 0.998 d, and the other two at 


9G. E. Bacon, Neutron Diffraction (The Clarendon Press, 
Oxford, England, 1955), p. 181. 

C. E. Holley, Jr., R. N. R. Mulford, F. H. Ellinger, W. C. 
Koehler, and W. H. Zachariasen, J. Phys. Chem. 59, 1226 (1955). 

4 J. E. Worsham, Jr., M. K. Wilkinson, and C. G. Shull, J. Phys. 
Chem. Solids 3, 303 (1957). 

Calculation of intensities (J) were made using the relation- 
ship) Ja~(L( Pax exp (—2B sin26/d*) /sind sin2a. The neutron 
scattering factors used for D and Ta were 0.65 X10~" and 0.70 
10-* cm, respectively. B was taken to be 0.66 at 53°C and 0.16 
at 78°K, obtained from a Debye-Waller plot. The effects of the 
small amount of H contaminant and the slight deviation from 
stoichiometry were ignored in making the calculations. 
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1.005 d, for observed axial ratio 1.008. Hence the L sites 
are slightly larger than the S sites. 

Since we have a body-centered structure, we need 
consider, if tetragonal symmetry is assumed, only three 
arrangements of the deuterium in the tetrahedral 
interstices—random distribution in the S sites, in the 
L sites, or in all sites. Calculations for these three 
possibilities, given in Table I, show excellent agreement 
with experiment in all cases. Thus, we can conclude 
that the deuteriums are in the tetrahedral sites but on 
the basis solely of the evidence presented it cannot be 
established whether they are situated in the S group or 
in the L group. We discount the possibility that the 
D’s cccupy both sets of sites since it would be difficult, 
were this the case, to account for the observed tetrag- 
onality of the sample. From general considerations, as 
will be indicated below, it seems that random oc- 
cupancy by the deuteriums of the Z group of sites is 
the most probable structure of 82 Ta2D. 


V. ATOMIC ARRANGEMENTS OF 2; Ta,D 


A. Statement of the Problem 


The unit cell for 8; TayD contains 16 Ta’s and 8 D’s. 
Positions of the metal atoms are easily established from 
the x-ray diffraction pattern, from which the 8; form 
appears as a simple body centered tetragonal material 
with Ta’s at 000 and } 3 3. With this information the 
structure of the tantalum lattice in the enlarged 
neutron cell is completely established. 

The thermal data, the resistivity-temperature be- 
havior, and the nature and kind of crystallographic 
distortion at the transition point, together with general 
considerations suggested that 8; Ta,D differs from the 
8, variety only in that the randomly arranged deu- 
teriums in the latter have become more ordered in the 
former material. Since the D’s populate certain of the 
tetrahedral sites in an apparently random fashion in 
B2 Ta2D (vide infra), it seemed reasonable to suppose 
that they are also in these sites in the low temperature 
form. Due to the interactions between solute particles, 
however, they populate only certain of the tetrahedral 
sites. The problem then is to establish which of the 96 
tetrahedral sites in the unit cell are occupied by the 
deuteriums. 


B. Initial Analysis of the 6, Pattern 


Analysis of the 8; structure has passed through four 
stages, each of which will be briefly described. In the 
first it was assumed that the D’s exist as an ordered 
arrangement in the L tetrahedral sites. Now, lines with 
h+k+l odd are absent indicating a body centered 
structure. This means that one must locate 4 D’s in 32 
positions. If cognizance is taken of the tetragonality by 
assuming an ordinary fourfold axis, ana if it is further 
assumed that the structure is unique (each D confined 
to one position), it develops that for any possible ar- 
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TasLe III. Comparison of observed relative intensities for 8; ’ 
with values computed for structures A, B, C, and U. 
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Coupe intensities 


Observed y. B Cc 
Intensities (14) (14,) 


Line 


8 
10 


400 
411 
422 
314 : ; 5 
440 2 2 26 


® The space group in each case is indicated in parentheses. For details of the 
structures see text. 


rangement of the D’s, in-phase scattering by ail the 
deuteriums occurs for the 002 line.'* Since this line is 
absent, it was concluded that the structure is not 
unique. Thus even in the 6; form each D is statistically 
distributed over more than one site. By invoking the 
condition that the 002 line must be exinguished a 
structure was developed which gives a satisfactory ac- 
counting for the observed neutron diffraction intensi- 
ties. This structure, which we call structure 4, has 
the 8 D’s in the unit cell distributed over the 16 tetra- 
hedral sites located at } 4 0, 3 a 0, 270,420, 3 0 3, 
20 4,0 3 4,0 3 4+000 and 3 3 3. This structure bleu 
to this space group [4 wan half deuteriums located at 
general positions x;V121= § } 0 and x2ye72= 3 0 3. 

The agreement between calculated and ebiereed in- 
tensities for structure A shown below in Table IIT was 
sufficiently good that the analysis was considered com- 
plete. This was accomplished, however, before the 
residual entropy of 6:-Ta2H had been established. When 
the residual entropy, reported in the preceding paper, 
was found to be zero within experimental error, it was 
clearly necessary to examine the problem again to de- 
vise, if possible, a unique structure which would ac- 
count for the observed intensities. 


C. Search for a Unique Structure 


In the second stage of analysis a unique structure 
was sought employing what might appropriately be 


called the “brute force” method. We have 8 D’s to be 
distributed among 96 positions. There are about 10” 
distinguishable ways of doing this. However, we only 
need to locate half of the D’s; since it is a centered 
structure, the other 4 are located by symmetry. This 

3 This is also true either if the solute atoms are confined to 
the S sites or if they have access to all the tetrahedral sites. 
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narrows down the number of distinguishable arrange- 
ments to 194580. Partial intensity calculations were 
made for all of these arrangements using an IBM 704 
computer. The following absences were observed in 
addition to the systematic absences characteristic of 
the centered structure: 200, 020, 002, 222, 420, 402, 
042, 240, 024, and 204. The computer was programmed 
to examine all the 194580 different arrangements, to 
retain only those which satisfied the observed extinc- 
tions and then to calculate for each distribution of 
D’s the ratio of intensities of the first two lines.'* The 
computer was programmed to print out those distribu- 
tions for which the calculated ratio agreed with the 
measured value to within +25%. In retrospect this 
range should probably have been broadened, but the 
next stage of analysis was more general than this mode 
of attack and so no impairment of the validity of the 
conclusions resulted by having stipulated a retention 
range which was perhaps slightly smaller than was 
desirable. In these calculations no assumption is made 
as to the symmetry of the system. It is either tetrag- 
onal or pseudotetragonal, the true symmetry possibly 
being lower than tetragonal. These calculations showed 
that none of the possible arrangements in the tetra- 
hedral sites were satisfactory since none accounted 
satisfactorily for the relative intensities of the first two 
(superlattice) lines. Furthermore, calculations were 
made of the intensity of the first line relative to line 6 
(400, 040, 004) for those arrangements whose J;/J» 
values were closest to the observed value. In the most 
favorable case J; relative to J, was computed to be 
too intense by about a factor of 2 compared to the ob- 
served ratio. This reinforced the earlier conclusion that 
there is no satisfactory unique structure for 6; Ta,D 
which involves occupancy of the tetrahedral sites." 

In the next, or third, stage of the analysis we attack 
the problem in a completely general way, the only 
assumption being made is that we have a unique 
structure. Of course, in view of the observed systematic 


absences we retain the concept of a body-centered 


structure. However, no assumption is made as to the 
symmetry of the system except that it is not higher 
than tetragonal, the symmetry indicated by the x-ray 
diffraction pattern. In effect this means that we limit 
consideration to the tetragonal, orthorhombic, mono- 
clinic or triclinic Furthermore, the eight 
deuteriums are assigned to positions x1121, X2V222, 


systems. 


*++*xg\s28, Which may or may not coincide with the 
octahedral or tetrahedral interstices.'® 
In the tetragonal system the observed extinctions 


“These “lines” included the groups (1)_110, 110, 101, 101, 
011, and O11, and (2) 112, 112, 112, 121, 121, etc. For simplicity 
these groups of coinciding lines are referred to in the discussion 
which follows as the 110 and 112 lines. 

16 The situation is the same if small deviations, 0.02, to 0.03 A, 
from the tetrahedral positions are postulated. 

There are, of course, relationships between the sets of co- 
ordinates depending on the space group assumed to apply. In 
no case are we working with a 24 parameter problem. 
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permit 19 possible space groups. Of these only the three 
most general ones need be considered, since the other 
sixteen are special cases of these three involving addi- 
tional elements of symmetry. The three, involving an 
ordinary fourfold, a fourfold inversion and fourfold 
screw axis, respectively, are /4, J4 and /4,. There are 
no space groups which permit a body-centered struc- 
ture in the triclinic or the monoclinic systems but there 
are 9 in the orthorhombic system—IJmma, Ibca, Ibam, 
Immm, Ima2, Iba2, Imm2, [2,2;2) and 1222. Each of 
these, plus the three space groups for the tetragonal 
system, was considered in the analysis of the diffraction 
pattern of 8; Ta2D. 

14, Imm2, Iba2, Ima2 and 1222 are immediately 
eliminated from consideration since with these space 
groups we compute an appreciable intensity for either 
the 200 or the 002 line for any possible location of the 
deuteriums. To extinguish these lines if the other five 
possible space groups for the orthorhombic system are 
employed, it is found that, designating the general 
position as xyz, x, y, and z must be either 4, 3, 3, or §. 
With these values of x, y, and z we find that Jbca is 
eliminated since we always compute zero intensity for 
the first line (110). Similarly Jmmm is eliminated, since 
in this case we always compute zero intensity for the 
second line (112). If the matter is pursued further, we 
find that none of the other three space groups for the 
orthorhombic system leads to agreement with the ob- 
served diffraction line intensities. For example, the 
intensity of the first line (110) relative to that of line 
six (400) is observed to be about 0.23, whereas calcula- 
tions assuming the applicability of space groups Imma, 
Ibam and 12,2;2; lead to relative intensities of 8.5, 
4.3 and 3.2, respectively. Hence, the only two possi- 
bilities remaining are 14 and J4,. 

Considering /4 we find that since 002 is absent, we 
must have z=}, 3, 3 or j. Also the absence of 200 re- 
quires that x= -+y+4+q, where g=0 or 3. In addition, 
to cause the 222 line to vanish x or y must equal 0, 4, 
> or }. We find that to satisfy these conditions the 
general coordinates x, y take on values } 0, } 3, ¢ 9, 
+3,04,02,3 4 0r} 3. Thus with the 4 possible values 
of z we have 32 possible values of xyz. Calculations 
show that none of these lead to a proper match with 
the observed intensities. For example, the computed 
intensity of line 1 relative to that of line 6 exceeds the 
observed ratio by 78%. Also line 1 is computed to be 
60% more intense than line 2, whereas experimentally 
their intensities are the same within experimental] error. 

Calculations employing space group J4; give the 
best accounting for the observed intensities that can 
be made assuming a unique structure but, as will be 
indicated below, it cannot be considered satisfactory. 
We find, in this case as when using the /4 space group, 
that the 200 and 222 extinctions require xy to assume 
the values } 0, } 4, etc., as indicated in the preceding 
paragraph. However, in this case the value of z is not 
fixed by the extinctions. Calculations showed that the 
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superlattice lines were always too intense compared to 
the fundamental lines (220, 400, 422, and 440). The 
discrepancies were least with z=0 or 4. The eight ar- 
rangements possible” turn out to be identical, with 
appropriate shifts of origin. Calculations for this struc- 
ture, designated U, are shown in Table III. It is 
apparent that the intensities are not in satisfactory 
agreement with experiment and hence it must be con- 
cluded that the U structure is not the structure of 6; 
TaD. Thus, we conclude that there is no unique struc- 
ture for 8, Ta2D. This means, of course, that despite 
the fact that there is no appreciable residual entropy 
the deuteriums must be statistically populating the 
available sites. 


D. General Analysis 


This brings us to the fourth and final stage of the 
analysis. As was indicated earlier, structure A does give 
a satisfactory accounting for intensity distribution in 
the neutron pattern. It belongs to space group /4 and 
hence is body centered with an ordinary fourfold axis. 
We wish to ascertain whether it is also possible to de- 
vise a structure involving the fourfold screw or inversion 
axis which will lead to the observed intensities. 

To explore the matter systematically, we note that 
it is only necessary to establish the position of the 
deuteriums in one octant of the unit cell; the arrange- 
ments in the other octants are generated by the sym- 
metry operations appropriate to the space group under 
consideration. The deuteriums are assumed to occupy 
(randomly) twice as many sites as there are particles, 
and further are assumed to be situated in the L sites. 
To satisfy the 002 extinction, 3 of a D is placed in each 
of the two sub-groups of sites designated as La (with 
z=0) and 16 (with s=}). As there are 4 positions each 
in the La and Lé sub-groups, there are 16 ways of 
putting the 2 3 D’s in the first octant. Using these 16 
ways of populating the first octant, the A structure 
cited earlier and 15 others are generated by the sym- 
metry operations appropriate to the /4 space group. 
Upon examining them we find that there is only one 
other distinguishable structure aside from A; call it A’. 
The A structure is produced by placing 4 D each in 
the general positions x,y:z1=§ } O and xyy22%2=% O }. 
The A’ structure is developed similarly except that 
¥1¥121= § } O in this case. In it the deuterium arrange- 
ment is a mirror image of that in the A structure and 
hence they are enantiamorphic varieties of 8; Ta2D. 

Next we employ a procedure similar to that just 
outlined except that space group /4 is assumed. The 16 
possible structures all turn out to be identical in this 
case when allowance is made for shifts of origin. This 
is termed the B structure. Finally, we repeat the pro- 
cedure using the screw axis—space group /4. In this 
case we can satisfy the 002 extinction without allocat- 


The eight other possibilities are discarded since in those 
cases the positions of the D’s and some of the Ta’s coincide. 
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ing 4 D’s to the sub-groups. Hence, we have 56 possible 
structures produced by placing 2 } D’s in the 8 L sites 
of the first octant. Some of these do not satisfy the 
other observed extinctions; others lead to a poor ac- 
counting for the intensities. For example, they show an 
intensity of line 1 (relative to line 3) which is larger 
than the observed value by a factor of 2.8. The several 
possibilities which remain turn out to be identical when 
due allowance is made for alternative origins. This 
structure is designated the C structure. 

To summarize briefly the analysis suggests 5 possible 
structures for 8; Tag;D—A, A’, B, and C plus the U 
structure cited earlier. The tantalums are situated in 
structures A, A’, B, and U at 000, 300,040,330, 
Pad 232 342 8 2 14000, and +3 34. IntheC 
structure the tantalum coordinates are these co- 
ordinates+j 0 0. The position of the 3} D’s in the A 
structure have been cited earlier. Those for the A’ 
structure are § 3 0, 3 2 0, = 2 0, 4 3 0,203, 203, 
0 34,0 3 $+000, and +4 3 3, for the B structure are 
230, 320,32 30,420,303,301,0% 3,0 3% 3+000, 
and +3 3 4, and for the C structure are 4 3 0, 4 3 0, 
894,504,468 448 4) 8 4.2) 8 4 2 +000, and +4 > 3. 
The coordinates of the D’s in the U structure are 
0 40, 0 3 0, 2 4 4,4 444000, and +3 3 }. Calcula- 
tions for the A, B, C, and U structures are shown in 
Table III. Results for the A’ structure are identical 
with those for the A structure and hence are not shown. 

The discrepancies between computed and observed 
intensities for UV are so great that it cannot be regarded 
as a satisfactory structure. We recall that this was the 
most nearly satisfactory of the possible unique struc- 
tures. It was for this reason that we concluded earlier 
that 8; Ta2,D does not possess a unique structure. On 
the basis of the computed intensities the other three 
structures are all satisfactory and in fact equally so. 
Actually, for A and B the computed intensities are 
identical. The only difference, which is an insignificant 
one, for structure C is the computed value for the 411 
line. 

VI. PROBABLE ORIGIN OF THE APPARENT CONTRA- 
DICTION BETWEEN THE DIFFRACTION AND 
. ENTROPY RESULTS FOR 8; Ta.D 

In the preceding sections we have shown that the 
observed diffraction data are not consistent with the 
concept of a unique arrangement of the D’s in 3; 
TaD, but instead seem to require a structure in which 
the D’s are distributed over twice as many sites as 
there are solute particles to fill them. Thus there 
seems to be a complete contradiction between the 
conclusion reached from the diffraction results on the 
one hand and the measured residual entropy, which 
requires a unique structure, on the other. In this sec- 
tion we shall attempt (1) to show that this contradic- 
tion is only apparent and (2) to reveal the probable 
origin of the apparent contradiction. 

We believe that the crux of the matter resides in the 
fact that the D’s are not randomly distributed over the 
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Structure C 


Fic. 2. Projections onto 001 plane showing deuterium positions 
in three possible structures for 8; Ta2zD. 3D at Z=0 is indicated 
by @, at Z=} by 0. For simplicity the Ta’s and half of the D’s 
(in the upper half of the cell) are not shown. X-ray cell is shown 
for comparison. The basic structural unit (see text) is that pro- 
duced by 4 D’s occupying the positions enclosed by the dashed 
lines. 


sites which are statistically being occupied. We believe 
that due to interactions between the solute particles 
very considerable correlation of positions of the D’s 
occur (in other words there is local order)'® and that, 
as a consequence, the configurational entropy is re- 
duced below the level of detection, while at the same 
time the local order present is of such a nature as to 
have an immeasurable effect on the character of the 
diffraction pattern. We shall now illustrate how this 
could happen by estimating the configurational entropy 
of the system when it possesses a particular (idealized 
and simplified) type and amount of local order. Obvi- 
ously there is no intent to represent this order as being 
identical with that in the system, whose nature is un- 
known and for which, accordingly, calculations are not 
possible; we do feel, however, that the type of order 
chosen for treatment bears sufficient resemblance to 
the actual order present to justify inclusion of the 
calculation at this point. 

Consider the projection - the deuterium positions 
in structure A shown in Fig. 2. The basic unit of struc- 
ture appears to be the group . occupants of the 4 sites 
encircled. Call this group of particles the basic struc- 
tural unit (bsu) and the set of 4 positions the basic 
structural unit position (bsup). In the actual structure 
each bsup contains on the average only 2 D’s. This 


‘8 We presume this to be the case on the basis of our observa- 
tions on the 62 form. The pronounced thermal anomalies at 58 
and 60°C clearly indicate the existence of a very considerable 
amount of order in 62 Ta2D, despite the fact that the diffraction 
results seem to indicate a random distribution of the deuteriums 
over the available interstices. Since no superlattice lines are ob- 
served for this form, the order must be local order. We believe 
that this tendency for order carries over into the #; form. 


half occupancy could arise, and probably does arise, by 
each bsu containing 4 D’s and statistically occupying 
two bsup’s. Were the occupancy random with each cell 
containing 2 bsu’s distributed over 4 bsup’s, the con- 
figurational entropy (S.) would be § R In6 per mole of 
TaeD, which is already reduced to the point of almost 
escaping detection. We now suppose that there is local 
order in the arrangement of the bsu’s so that in certain 
micropatches (or domains) the bsu’s occupy positions 
so that they are all deployed along the x axis whereas 
in adjacent regions they populate positions lying ex- 
clusively along the y axis. (See Fig. 3). We further sup- 
pose (a) all domains to be equal in size, r repeat dis- 
tances on an edge, and (b) the two types of domains 
to be equally abundant. (This is the idealized type of 
local order referred to earlier). Since the domains are 
perfectly ordered internally, the configurational entropy 
is then merely the entropy of mixing of the domains. 
For one mole of TazD the number of complexions is 
(approximately) (No/8r*)!/[(Nol6r*)! > and S,=R 
In2/(8r*). We thus see that for S, to escape experimental 
detection r need not exceed 1 (domain and unit cell 
identical) or 2. For these exceedingly small domains 
sharp superlattice reflections, of course, do not develop 
and in fact the over-all diffraction pattern will closely 
resemble that in which the bsu’s populate the accessible 
positions in a random fashion. The resemblance is com- 
plete for the case of r=1 since in this case there is no 
correlation of structure from one unit cell to another; 
for r=2 the situation is identical except for a small and 
probably experimentally undetectable modulation of 
the background intensity.” 

Of course as indicated above, the actual situation is 
probably not one in which the local order has the nice 
regularity of that just treated. It does seem likely, 
however, that there are submicroscopic patches in the 
alloy where the D arrangement corresponds to that 
pictured for a type I domain, interspersed with patches 


Fic. 3. OO1 projec- 
tion showing deute- 
rium positions in 
type I and II do- 
mains for B; TaD. 
Here each position 
is occupied by a 
deuterium. D’s at 
Z=0 and 3 indi- 
cated by @ and O, 
respectively. The 
D’s at Z=} and 3 
and all the Ta’s are 
omitted from the 
diagram. 


19 The well known modulation of the background by local order, 
which has often been observed (with x-ray diffraction) in substi- 
tutional alloys, was looked for in the patterns but was not found. 
This was probably in part due to the high instrumental back- 
ground and in part due to features particular to this system. The 
order under consideration involves only the D’s and the vacant 
interstices. Thus the local order in this instance involves only a 
minor portion of the matter present (1 atom out of 3) and hence 
the modulation is expected to be slight compared to that pro- 
duced by binary alloys. 
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having a D structure like that for a type I domain. 
The above calculation indicates that these patches 
need only be at the most one or two repeat distances in 
linear extent to remove essentially all the configura- 
tional entropy. 

The question naturally arises: Is there any experi- 
mental support for any kind of postulated domain 
structure of 8; Ta,D? In answer, there appears to be 
no direct support but there is some suggestive evidence 
of an indirect nature derived from the structure devised 
for the 6, form of TaD. 

Earlier we showed that on the basis of the diffraction 
pattern the deuteriums in 6: Ta,D appear to be ran- 
domly distributed over either the L, the S, or all the 
tetrahedral interstices. In Table IV we compare the 
observed configurational entropy of the 82 form with 
that expected in each of these three cases. The dis- 
crepancies between the measured and computed 
entropies are very large, suggesting here again a con- 
flict between conclusions based on thermodynamic and 
diffraction information, which is entirely analogous to 
that for the 6; form. In this case the diffraction pattern 
is simple and we are confident that it has been analyzed 
correctly. Accordingly we attribute the discrepancy 
simply to short range ordering in the sample, probably 
clustering.” Locally there is a strong correlation of 
deuterium positions. This does not continue over long 
distances, however, so that for the size of sample in- 
volved in forming the diffraction line each site has the 
same chance for occupancy. 

If we now return to the discussion of the 6; form of 
Ta2,D, we note that the development of a domain 
structure in 8; Ta,D may be a direct consequence of 
the existence of local order in the 82 form. At some places 
in the latter material the correlation of deuterium posi- 
tions is such that a type I domain preferentially forms; 
in other regions we have the natural precursor of a type 
II domain. Hence, we see that the features of the 62 
structure which have emerged provide support of a 
general nature for the existence of a domain structure 
or short range order within the deuterium superlattice 
for the 8; form. 


VII. DISCUSSION OF RESULTS AND MOST PROBABLE 
STRUCTURES OF £; AND 8, Ta.D 


In the preceding sections three possible structures 
each for 6; and B, Ta,D have been presented. Any 
further narrowing of the possibilities cannot be made 
on the basis of diffraction information. If any progress 
in this direction is to be made, it must come by using 
additional information. One possibility in this respect 
is to attempt to understand the nature of the ordering 
forces and then to interpret the structures in the light 


20'The present results suggests that when diffraction results 
seem to imply the existence of a random structure, concurrent 
thermodynamic studies might show the actual! situation to be 
more complex. Appreciable local order, as occurs in 6; and Be: 
TaD, frequently may be present. 
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TABLE IV. Comparison of observed and calculated configurational 
entropies of 6; and 82 TasD. 


Configurational entropies (eu/mole) 
Calc* Obs 
2.76 0 
. 20 
5.97¢ 
.844 
® Calculated assuming completely random distribution over the accessible 
sites. 
b D’s distributed over 3 of the tetrahedral sites (S group). 


© [—’s distributed over } of the tetrahedral sites (L group). 
4 P’s distributed over all of the tetrahedral sites. 


of this understanding, rejecting those which seem in- 
trinsically least reasonable. 

When tantalum is hydrogenated, its lattice expands.! 
The expansion is probably produced by two effects— 
the increase in the number of quasi-free electrons, due 
to more or less complete ionization of the solute, and 
coulombic repulsion between the positively charged 
interstitial ions and their tantalum neighbors. The 
first of these effects, which has been discussed for 
substitutional alloys by Nabarro and Varley,”' is 
seemingly without influence in the present instance 
and is not considered further. As regards the second, 
the fact that the hydrogens or deuteriums are at least 
partially ionized has been demonstrated by Hillig™ 
who observed that H in tantalum migrates toward the 
cathode in an electric field. 

The ordering of the hydrogens or deuteriums is at- 
tributed to coulombic interaction between these 
particles and the positively charged surrounding 
tantalums, modified in a way to be mentioned shortly 
by the Coulombic interaction between the hydrogens 
(or deuteriums). When a deuterium is placed in a site, 
the site is slightly enlarged due to Coulombic repulsion 
of the adjacent tantalums. Displacements of these 
tantalums enlarge certain of the nearby tetrahedral 
sites so that these become energetically favorable for 
occupancy by other solute particles compared to sites 
more removed from the occupied site. Thus, the solute 
particles tend to associate.** To minimize the Coulombic 
energy of the system as a whole it seems reasonable to 
suppose that they also tend to collect in the Z group of 
tetrahedral sites. In this group certain pairs of sites 
are 1.19 A apart, whereas others are 1.67 A apart and 
still others are separated by a distance of 2.30 A. 
Evidently repulsion between the solute particles is too 


*1F, R. N. Nabarro and J. H. QO. Varley, Proc. Cambridge 
Phil. Soc. 48, 316 (1952). 

2 W. B. Hillig, Ph.D. dissertation, University of Michigan 
(1953). 

*3 That this associative tendency must exist is indicated by 
the fact that the 8 phase (ca. 333% H) can be formed by cooling 
an @ phase which is considerably poorer in hydrogen. Some force 
must exist which causes hydrogen to move from a dilute to a 
concentrated region. 
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great when their separation is only 1.19 A, since none 
of the structures developed indicate solute particles 
this close together. The other two distances occur in 
each of the structures, indicating that the stabilizing 
effect of cooperative participation in the lattice enlarge- 
ment by association of two solute particles is not offset 
by solute particle interaction at these larger distances. 

In the A structure the basic structural unit is repre- 
sented as 


@ 
OO 
e 


following the symbols used in Fig. 2. Here the 


° 
OorO 
es 


distance is 2.03 A and the OO distance is 1.67 A. In 
this structure all the D’s are incorporated in this basic 
structural unit™ in the type I or II domains. Accord- 
ingly, we feel that the energy is lower in this structure 
than in the B structure, in which only about half of 
the D’s are associated (or, at least incorporated in the 
same group of four particles comprising the basic 
structural unit in structure A). Similarly, we feel that 
C is less stable than A, since the association has pro- 
gressed even less far in this case. Thus we feel that 
structure A (or A’ which is energetically identical) is 
the most probable representation of the structure of 
8; Ta2D. 

Before turning attention to the 2 structure, it is 
appropriate to point out that the tetragonality of the 
8, form can be accounted for on the basis of structure 
A and the gerieral knowledge that we have of the 
interactions in the Ta-D system. The atoms in struc- 
ture A are, as we have seen, associated in groups of 
four, occupying certain of the L tetrahedral sites. We 
can easily see that in domains of type I these atoms 
tend to enlarge the lattice along the x and z axes. In 
the type II domains the solute particles tend to stretch 
the lattice along the y and z axes. Hence, all atoms 
operate cooperatively in enlarging the c spacing 
whereas only half act to increase the a and 6 spacings. 
Thus we see that distortion to produce a tetragonal 
crystal is expected when the deuteriums are ordered 
in the fashion represented by structure A. 


*4 The coofiguration 


apparently does not occur because the Coulombic_energy of this 
configuration slightly exceeds that of 


W 


ALLACE 


In the light of the preceding discussion we feel that 
of the three possible structures for the 82 form that 
which involves occupancy of only the ZL sites is the 
one which is most probably correct. It is not at all 
clear how the observed tetragonality of the 8. form 
would originate if the D’s equally populated either all 
the tetrahedral sites or the S sites alone. Furthermore, 
since the D’s are positively charged, it seems reasonable 
to suppose they would selectively occupy the largest 
tetrahedral site. Our understanding is far from com- 
plete, however, as to what actually occurs when the 6; 
to 62 transformation takes place. Perhaps the groups 
of four particles occupy other available sets of four 
sites or perhaps the quartets are dissociated to pairs or 
perhaps a combination of these is involved. 

The status of the 83; form is even more speculative. 
One possibility is that the 82 form contains quartets 
whose positions are locally correlated but are uncorre- 
lated, except as necessary to avoid incompatible con- 
figurations, over long distances. In this case, perhaps 
the transition to the 83 form entails a dissociation to 
pairs, which are still, however, confined to the L sites, 
and the final transition permits the D’s in those pairs 
to occupy both the Z and S sites. Another possibility is 
that the quartets are dissociated to pairs in the 82 form. 
These pairs are, however, locally correlated in some 
way and are confined to the ZL sites in the 82 form but 
can use all tetrahedral sites in the 63 form. If so, the 
final transition would perhaps involve destruction of 
the correlation of the pairs. Further information of use 
in evaluating these and other alternatives could be 
provided if it could be established whether 83 Ta2D is 
cubic or tetragonal. It is expected to be cubic if the 
second of the alternatives obtains, whereas it would be 
tetragonal in the other case. Attempts to determine 
the crystal system of the 83 form have been unsuccessful 
due to its narrow temperature range and the broadness 
of the diffraction lines in the temperature region where 
it exists. Hence, the arrangement of the deuteriums in 
8; Ta2D remains a matter for speculation. 
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Changes in the electrical resistance of high-area, evaporated metal films after adsorption of gases have been 
attributed to a long-range effect of the adsorbed material. It is shown that the experimental findings do not 
demand this interpretation, and that contributions to the observed resistance increases may arise from any 
of the following: (1) A localized resistance change at necks in the film. (2) Changes in surface stress on ad- 
sorption. (3) A decrease in the rate of electron tunneling across gaps in the film with an increase in the work 
function. The last mechanism appears most likely, and experiments to establish these effects quantitatively 


are outlined. 


HEN a gas adsorbs on a metal film formed by 

evaporation, the electrical resistance of the metal 
is changed, and generally increased. These changes are 
small, at room temperature amounting to less than 5% 
for most gases so far studied. van Heerden and Zwieter- 
ing,' and also Suhrmann,’ found that the decrease in 
the film conductance \ depends upon the number of 
molecules » adsorbed on the film (itself made up of V 
metal atoms) and is given by 


—Ad/A\=a(n/N). (1) 


d is the conductance of the clean film, and @ a small 
number, of the order of 2 for hydrogen, oxygen, and 
carbon monoxide.’ These values of a@ were rationalized 
on the assumption that each adsorbed molecule “‘de- 
activates” @ conduction electrons, and have lead to 
considerable speculation concerning the nature of the 
chemical bond in adsorption. 

Recently, however, Zwietering, Koks, and van 
Heerden* have suggested an entirely different explana- 
tion. They point out that the specimens studied are 
porous, and have a surface area many times the geo- 
metrical area covered by the films. The starting re- 
sistance of the clean films is also unusually large, and 
much in excess of the value calculated from the gross 
dimensions of the sample. 

The film was therefore pictured as an array of massive 
metal particles, separated from one another by thin 
metal bridges. Such an array affords the large surface 
area found from adsorption experiments, and also the 
high resistance which on this picture is dictated by the 
connecting bridges. The fact that each adsorbed atom 
affects the resistance as if it were withdrawing one 
carrier electron is no longer readily explicable, since 
the conductance is now entirely determined by the 

* This research was supported by the Directorate of Chemical 
Sciences, U. S. Air Force Office of Scientific Research. 

1C, van Heerden and P. Zwietering, Koninkl. Ned. Akad. 
Wetenschap. Proc. B60, 160 (1957). 

2R. Suhrmann, G. Wedler, and D. Schliephake, Z. physik. 
Chem. (Frankfurt) 12, 128 (1957). 

3. Suhrmann, G. Wedler, and H. Heyne, Z. physik. Chem. 
(Frankfurt) 22, 336 (1959). 

4P. Zwietering, H. L. T. Koks, and C. van Heerden, J. Phys. 
Chem. Solids 11, 18 (1959). 


bridges. Zwietering, Koks, and van Heerden therefore 
tentatively suggest that each adsorbed entity with- 
draws an electron, which exerts a long-range effect, 
extending over a distance comparable to an electron 
free path; in this way adsorption on a massive particle 
could affect the resistance of the bridges. 

An understanding of changes in conductance induced 
by adsorption is a necessary prerequisite if such meas- 
urements are to be used in the exploration of adsorp- 
tion phenomena. We shall therefore examine here 
alternative explanations for changes due to adsorp- 
tion, together with experimental tests to discriminate 
between the various possibilities. 

To reduce the problem to its physical essentials we 
envision the film as a regular array of individual metal 
blocks, of height 4, with length and width equal to a 
and separated from one another by a gap of d cm. This 
gap is partly filled by a metal layer, / cm thick and 
covering the entire width a. The resistance of a 1X1 
cm sample of this film is then just equal to R, the re- 
sistance of one of the unit cells of this array, with a 
lattice constant (a+d). 

Apart from the suggested long-range effect of ad- 
sorbed material,‘ we conceive of the following possible 
causes for a change in the electrical transport proper- 
ties of such high area films: 

(1) The conductance of each of the bridges may be 
altered by a surface effect. 

(2) Surface stresses in the film may be affected by 
adsorption, thereby changing the resistance. 

(3) An appreciable part of the current flow may 
occur by tunneling through the gaps, if the thickness 
of the metal bridges in the clean film, as well as the 
gap width, is small. Adsorption on the gap walls affects 
the surface dipole layer and therefore also conduction 
across the gap. 

These possibilities will be examined in turn. 

1. ADSORPTION ON BRIDGES 

If the resistance of the film is concentrated in the 
connecting bridges, then for a fixed gap width d, the 
conductance of the sample should be proportional to 
Nz, the number of metal atoms in these bridges. Each 
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adsorbed molecule is assumed to increase the resistivity 
of the bridge and the overall change in the sample is 
then 

—AX A\=ap(Np, Nz). (2) 


Here 1g gives the number of molecules adsorbed on 
the bridges and ag the relative decrease in conductance 
per adsorbed molecule. Expressing the ratio np/Np 
in terms of the number of molecules adsorbed per 
metal atom in the film (7/N) we find 


of 


—Ad/A=ap(n/N)(AB/V sz), 3) 


where Ag/Vz is the ratio of the fraction of the total 
surface area A, to the fraction of the total volume in 
the bridges Vy. Provided that h>>a>>/, h>>d, this ratio 
Ap/ Ve reduces to ~a/3/. In any event, if our model 
of the film as made up of large blocks connected by 
fine bridges is correct, the ratio of the surface to volume 
fractions for the bridges should always be greater than 
unity. From Eqs. (1) and (3) it also follows that 
a=aplAp/V ep) 

The experimentally observed values of @ (which are 
of the order of 2) can be rationalized if the coefficient 
ap, giving the fractional conductance change due to a 
molecule on a bridge, is of the order of V g/A sz, that is, 
small by comparison with unity. It is therefore possible 
to understand the resistance changes without invoking 
long-range effects and by calling upon precisely the 
same physical picture which was originally invoked to 
rationalize the experimental results; namely, a decrease 
in the number of current carriers through the presence 
of adsorbed entities. This decrease now is equivalent to 
the deactivation of only a small fraction of one conduc- 
tion electron and occurs only at the bridges. Also, for 
this model the small integral values of a found experi- 
mentally are seen to be fortuitous. Similar effects could 
also be brought about by changes in the reflectivity of 
the metal-vacuum boundary by adsorption, if the 
bridge thickness / is small by comparison with the free 
path of the electrons. 

It should be noted that adsorption still occurs on all 
parts of the film, on the metal blocks as well as on the 
connecting bridges. Since the former do not affect the 
resistance, changes there do not have any observable 
effect and only adsorption on the bridges matters. 


2. CHANGES IN SURFACE STRESS 


Adsorption of gases upon highly porous solids, such 
as activated charcoal or porous glass, changes the 
linear dimensions of the sample. These changes are 
attributable to alterations in the surface stresses. They 
depend upon the concentration in the adsorbed layer, 
are sometimes complex, and a thorough understanding 
is still lacking. Adsorption will certainly lower the sur- 
face energy, but the effects on surface stresses are more 
uncertain. It is known, empirically, that gases which 
can link the pore walls generally lead to an initial con- 
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traction, which is only followed by an expansion at 
higher concentrations of adsorbed material. 

These dimensional changes are quite sizable with 
strongly bound gases. Thus for methanol or carbon 
tetrachloride on active carbon, increases in length of 
as much as 0.3% have been found.® Inert gases ad- 
sorbed on porous glass cause much smaller expansions, 
amounting to only 0.03% which, however, appear 
reversible.® 

Information on stress changes of metal films on ad- 
sorption, or on the effect of stresses on the film re- 
sistance, is so far not available. However, judging from 
Bridgman’s data on the resistance changes of platinum 
under tensile stress,’ we could account for a resistance 
increase of 0.3% by a 0.1% change in length. Resistance 
increases of the order of ~3%, such as observed after 
hydrogen adsorption, appear too large to be caused by 
changes in surface stress. More than that, adsorption of 
hydrogen on nickel films raises the resistance initially, 
yet the resistance increment changes sign at high 
hydrogen coverages.*:* Only with difficulty could this 
maximum be rationalized by a stress reversal. An 
explanation of resistance changes on adsorption based 
on alterations in the surface stresses of the film there- 
fore is unlikely, but such an effect may make a small 
contribution to the changes observed experimentally. 


3. TUNNELING ACROSS GAPS 


Provided that the gap width d as well as the thick- 
ness / of the connecting bridges are small, electron 
tunneling across gaps between individual metal blocks 
may contribute to the total current carried by the film. 
This must certainly be of overwhelming importance 
during the initial stages of film formation in which the 
concentration of metal blocks is so small that a con- 
tinuous layer does not exist, but for which the gaps 
are smaller than 100 A. The extent to which tunneling 
actually does occur in ¢hick films is not established.® 

The conductance Ag of a single gap, across which 
electrons flow by tunneling through the potential 
barrier, has been estimated for small voltages! as 


\g=2X10"ah(1+Ax) A exp —Ax ], 


A=7.32XK10"%d(1 —7.2K10-*¢"'d“") , 
x = 1.265 10-*(¢ —10-d 1)d 


5M. L. Lakhanpal and E. A. Flood, Can. J. Chem. 35, 887 
(1957). 

®DP. J. C. Yates, Advances in Catalysis 9, 481 (1957). 

7P. W. Bridgman, Proc. Am. Acad. Arts Sci. 60, 305, 423 
(1925). 

8W. M. H. Sachtler and G. J. H. Dorgelo, Bull. soc. chim. 
Belges 67, 465 (1958); Y. Mizushima, J. Phys. Soc. Japan 15, 
1614 (1960). 

® (a) See, for example, H. Meyer, Physik Ditinner Schichten 
(Wissenschai{tliche Verlagsgesellschaft, Stuttgart, Germany, 
1955), Vol. II, Chap. I. (b) C. C. Evans and J. W. Mitchell, 
Structure and Properties of Thin Films (John Wiley & Sons, 
Inc., New York, 1959), p. 263. 

R, Holm, Electrical Contacts 
Berlin, 1958), p. 429. 


Handbook (Springer-Verlag, 





ADSORPTION AND ELECTRICAL CONDUCTION 


where @ is the work function of the metal in electron 
volts. On adsorption the work function increases by 
Ad, and the relative diminution in conductance is ob- 
tained from the logarithmic derivative of \¢, which 
can be crudely approximated (if we neglect image 
forces) by 


AX\G/\a= (Ad/¢) (0.5 —4.63 & 10%pid) . (5) 


As an example, a 0.10-v increase in ¢ for a metal with 
a work function of 4.5 ev would raise the resistance of 
a 5X10-5 cm gap by approximately 15%." 

This picture neglects the presence of bridges linking 
the metal clusters. To take account of their participa- 
tion in the over-all conduction process we merely 
multiply Eq. (5) by the ratio of the gap conductance 
\g to that of the film as a whole X. This reduces the re- 
sistance changes to the same order of magnitude ob- 
served experimentally. 

These quantitative predictions are likely to be of 
limited applicability, however. Tunneling can be im- 
portant only when the gap between blocks of metal in 
the film is small. For considerable overlapping of the 
potential barriers'® of the closely spaced walls, Eq. 
(4), which among other things is based on an approxi- 
mation to the actual potential, breaks down. We have 
also assumed that the effects of adsorption on the 
tunneling current can be completely specified by 
changes in the work function. Actually, changes in the 
shape of the barrier may dominate the emission proper- 
ties of a gas-covered surface.” Finally, it has beén 
pointed out'*- that Eq. (4) is not applicable for films 
constituted of small, discrete metal particles. The indi- 
vidual particles are not at a fixed potential; they are, 
on the average, neutral and an electron can therefore 
only escape against the retarding field of a residual 
positive charge, thereby introducing a temperature de- 
pendent factor. 

The important thing to note, however, is that the 
effect of the adsorbed gas upon the conduction process 
is for this model closely related to the effect of ad- 
sorption on the electron emission from the bulk metal: 
both vary because of a change in the barrier to tunneling 
out of the surface. 


4. EXPERIMENTAL TESTS 


Any of the three mechanisms presented may con- 
tribute to the resistance changes observed on adsorp- 
tion. Since these increases remain of the same magni- 
tude for a wide range of film thicknesses (20-400 A in 
Mizushima’s work,’ for example), the major contribu- 
tion most likely arises through a change in tunneling 
across gaps. A direct examination of the quantitative 
significance of these different mechanisms is both 
feasible and desirable. 

"For such a gap N. Nifontoff, Compt. rend. 237, 24 (1953) 
has shown that conduction by thermionic emission is negligible. 

2 G, Ehrlich and F. G. Hudda, J. Chem. Phys. 35, 1421 (1961). 


'3C, J. Gorter, Physica 17, 777 (1951). 
4M. B. Webb (private communication). 
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Tests for conductance changes through changes in 
electron tunneling depend upon a knowledge of the 
detailed film structure. This can be easily achieved for 
thin films composed of small discrete particles. For 
such an array, adsorption can only affect the resistance 
through changes in the electron emission from each 
particle, and the alternatives proposed for thick films 
are eliminated.* Simultaneous determinations of re- 
sistance, adsorption and film structure under controlled 
conditions and for a variety of films ranging from ag- 
gregates of isolated particles to thick, well-annealed 
structures should therefore resolve the contribution of 
electron tunneling. 

The extent to which a molecule adsorbed on a metal 
surface may affect electrical conduction and volume 
strain within the metal can also be apprehended ex- 
perimentally. 

In answering this question, work with high area 
evaporated films may not be advantageous since these 
defy specification of their structure on an atomic scale. 
However, if adsorption does exert a direct, significant 
effect on conduction, or on the strain, then this should 
be detectable on bulk specimens, with at least one 
small dimension, and having a well-defined structure. 
For example, a commercially available Wollaston wire 
of platinum, with a diameter of 1X10~* cm has ~8 in 
every 10‘ atoms at the surface. If on chemisorption each 
gas atom were to abstract one conduction electron as 
postulated, this should result in a readily measurable 
change of the wire resistance. With the finest available 
samples (2.5X10-® cm diameter), even very small 
effects, equivalent to the deactivation of 1/100 of a 
carrier per adatom, should be detectable. Simultaneous 
strain measurements, together with a knowledge of the 
resistance changes during elongation of the clean wire, 
should lead to a separation of possible indirect effects 
due to adsorption. 

An unequivocal decision concerning the detailed 
mechanism by which adsorption affects electrical 
conduction in thin films seems premature without such 
experiments. Moreover, until this is elucidated, deduc- 
tions concerning chemical bonding based on these con- 
duction effects must be suspect. It does appear, how- 
ever, that surface stresses are quite unlikely as the 
major cause and that in any event, we can account for 
the experimental observations by well-established 
effects without the necessity of invoking a long-range 
effect of the adsorbed atoms. 
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The Raman spectrum of Ni(CO),, excited by He-lines 5875.6 and 6678.1 A, has been restudied. A new 
frequency assignment is proposed, based upon measurements of intensities and the state of polarization of 
the observed Raman shifts, and taking into account the results previously obtained on the Raman spectra 
of Fe(CO)s, Fe(CO)-, and Co(CO),4-. Assuming a simplified quadratic valence force function, containing 
seven potential constants, a normal coordinate analysis has been carried out. The force constants as calcu- 
lated by means of this model satisfactorily reproduce the observed frequencies. The numerical values of the 
constants, as compared with those of the isoelectronic anions Co(CO)4~ and Fe(CO),?-, provide direct evi- 


dence for partial multiple M—C bonding and conjugation between M—C and C 


O bonds in metal carbony! 


compounds and lead to approximate evaluations of bond numbers. 


INTRODUCTION 


F all the vibrational spectra of metal carbonyl 

compounds, that of nickel tetracarbonyl is by 
far the most thoroughly investigated. Raman measure- 
ments have been carried out by Duncan and Murray! 
and by Crawford and Horwitz?; infrared absorption 
spectra have been reported by Crawford and Cross,’ 
Bailey and Gordon,‘ and by Jones.°* The Raman and 
infrared spectra of the aforementioned authors differ 
in completeness; otherwise their reported frequency 
values are in satisfactory agreement. However, the 
numbers, states of polarization, and the intensities of 
the observed Raman shifts are apparently inconsistent 
with values expected for X(YZ), molecules belonging 
to the point group 74. This is also the case with respect 
to the correlation between the Raman and the infrared 
absorption spectrum. Due to the unexpected features 
of the Raman spectrum of Ni(CO), it has proven 
difficult to reach an unambiguous assignment of the 
observed frequencies to the normal modes of the mole- 
cule. Assignments have been made and force constants 
have been calculated by Crawford and Cross,* Murata 
and Kawai,’ Bigorgne,® Pistorius,® and by Jones.’ The 
latter author reported recently a thorough study con- 
cerning a “‘z-electron interaction potential function” 
in which additional relationships between various inter- 
action constants are introduced on the hypothesis that 
the corresponding couplings in Ni(CO), and related 


* Fellow of the University of Sao Paulo; permanent address, 
Osaka Municipal Technical Research Institute, Osaka, Japan. 
1A. B. F. Duncan and J. W. Murray, J. Chem. Phys. 2, 636 
(1934). 
Ae 
1948). 
3B. L. Crawford and P. C. Cross, J. Chem. Phys. 6, : 


Crawford and W. Horwitz, J. Chem. Phys. 16, 147 


525 (1938). 
*C. R. Bailey and R. R. Gordon, J. Chem. Phys. 6, 225 (1938). 
L. H. Jones, J. Chem. Phys. 23, 2448 (1955). 
6 L. H. Jones, J. Chem. Phys. 28, 1215 (1958). 
7H. Murata and K. Kawai, J. Chem. Phys. 26, 1355 (1957). 
8M. Bigorgne, J. Inorg. & Nuclear Chem. 8, 113 (1958). 
a (1 


°C. W. F. T. Pistorius, Spectrochim. Acta 15, 717 (1959). 


molecules arise mainly from interactions of the 7 
electrons and 7 orbitals.” 

Only four of the nine fundamental modes of tetra- 
hedral X(YZ), molecules are active in absorption, 
namely the F, modes, whereas eight of them are 
Raman-active. The remaining vibration, of species F,, 
corresponds to a torsional deformation of the molecule 
and is both Raman and infrared inactive. As is the case 
of all molecules with 7, symmetry, more direct and 
significant evidence for the assignment may thus be 
expected to be provided by the Raman spectrum. Since 
the vibrational frequencies and the force constants of 
Ni(CO),4 have been used frequently for reference and 
guidance on the interpretation of Raman and infrared 
spectra as well as of bond properties of other metal 
carbonyls, we believed it to be advisable to attempt at 
a reinvestigation of the Raman spectrum. As reported 
in two previous papers of this series (hereafter referred 
to as I and II, respectively) we obtained the complete 
Raman spectra of Fe(CO),;" and of the anions Co(CO).- 
and Fe(CO)?-; these results have proven to be 
helpful in the present work. By comparison of frequen- 
cies and force constants of the three isoelectronic species 
Ni(CO)4, Co(CO)4-, and Fe(CO),?-, the latter ones 
being evaluated by means of the same or nearly the 
same valence force field model, we expected to obtain 
pertinent information on the nature of the chemical 
bonding in these and related molecules. 


EXPERIMENTAL 
Preparation of Samples 


Following ample descriptions given in the literature, 
nickel tetracarbonyl was prepared by direct synthesis 

0 L. H. Jones, J. Mol. Spectroscopy 5, 133 (1960). 

11H. Stammreich, Osw. Sala and Y. Tavares. J. Chem. Phys. 30, 
856 (1959). 

2H. Stammreich, K. Kawai, Y. Tavares, P. Krumholz, 
J. Behmoiras, and S. Bril, J. Chem. Phys. 32, 1482 (1960). 


2168 





RAMAN SPECTRA OF METAL CARBONYL COMPOUNDS. III 


TABLE I. Raman spectra of liquid Ni(CO), and assignment of frequencies. 











~~ fundamental, 
overtone or 
combination 


Duncan and 
Murray® 


Crawford and 


Horwitz> This work assignment species 


100) p 
2 (20) P 





79 (10) 0.86+0.07 78 (100) v.b. 
381 (8) ~0.01 380 (30) P 
— 421 (6) 

461 (4) 0.8340.11 461 (10) 
ode (2) P, D. 


598 (2) <0.4 600 (6) P 


Ast E+Fi4 Fz 
A\ +E+FPs 

A +E+FitF: 
A\+E+Fz 


4O/ 


(0.5) b. 22; ¥%6 Aj; 


836 (2) P, b. 


876 (2) P, b. 


916 (2) P, b. 


2037 (50) b. 


2039 (9) 0.73+0.06 


2053 (8) sh, b. 


2121 (4) <0.4 2128 (10) P 


2223 om . 


P=strongly polarized last figures in each row 


p= weakly polarized refer to depolarization 


D =depolarized line factors 


® Reference 1 
> Reference 2 


from the metal and carbon monoxide at atmospheric 
pressure and room temperature. Nickel was obtained 
in a finely divided and active form by heating its 
formic salt in a hydrogen atmosphere at 200°C. Addi- 
tion of a small amount of mercury sulfide (about 0.2%) 
was found to increase the activity of the nickel so 
prepared. The product was purified by vacuum distilla- 
tion. Although most spectra were taken from samples 
of pure Ni(CO), in the liquid state, 1.5 and 0.5 M solu- 
tions in methanol and benzene also were investigated. 


Spectroscopic Technique 


Liquid Ni(CO), is colorless and scarcely photosensi- 
tive to visible radiations even of short wavelength and 
hence its Raman spectrum may be excited in the con- 
ventional way by mercury radiation 4358.3 A. Never- 
theless, for reasons to be explained later, we decided 
to take the larger part of the spectra by excitation with 
the helium radiations 5875.6 and 6678.1 A, using the 
apparatus described in the preceding paper II. In 
particular, all observations referring to the state of 
polarization of the Raman lines were carried out on 
spectra excited in the red region. Furthermore, a series 
of Raman spectra of liquid Ni(CO), and of solutions in 
methanol and benzene were obtained in the blue spectral 


P=degree of depolarization <0.4, b.=broad or diffuse line 


sh.=shoulder, incompletely resolved from main shift, appearing only in 


the spectrum of Ni(CO), in solution. 


range by excitation with Hg 4358.3 A. For this part of 
the work we employed a Lane-Wells three-prism spec- 
trograph having, in the region of the exciting line, a 
reciprocal linear dispersion of about 17 A/mm corre- 
sponding to approximately 90 cm~!/mm. The conven- 
tional Raman technique proved to be especially ade- 
quate for the detailed study of the Raman shift near 
2040 cm~! which, if excited by He 5875.6 A, nearly co- 
incides with the helium line 6678.1 A. Otherwise the 
Raman spectra excited in the blue region and in the 
long-wave range yielded, of course, identical results 
which will be used indiscriminately in the following 
discussions. 


OBSERVED RAMAN SPECTRUM 


The observed Raman frequencies of Ni(CO), listed 
in Table I are compared with the earlier measurements 
reported by Duncan and Murray! and by Crawford and 
Horwitz.” The spectra of the pure liquid and of methanol 
and benzene solutions exhibited no significant differ- 
ences, except for a band observed at 2037 cm™. This 
shift appears to be broad and rather diffuse in the 
spectrum of liquid Ni(CO)4 whereas the spectra of 
solutions show a splitting of the band into two incom- 
pletely resolved components. The center of the weaker 





2170 STAMMREICH, KAWAI, 
component corresponds to a wave number of about 
2053 cm™; its intensity relative to that of the main 
shift increases with decreasing concentration. 

We observed three previously unreported Raman 
lines at 421, 538, and 757 cm~. The first of these shifts 
is strong and coincides with the most intense infrared 
absorption band of Ni(CO), found by Jones** in the 
middle-frequency region. This shift is not easily ob- 
servable in the Raman spectrum obtained with the use 
of the conventional technique since, if it is excited by 
Hg 4358.3 A, it is nearly coincident with the Raman 
frequency 461 cm~, excited by Hg 4347.5 A. On the 
other hand, we were unable to observe three weak 
bands found by Duncan and Murray at 718, 1609, and 
2223 cm™ and hence we believe that these lines are 
not genuine. The two latter lines are very likely Hg 
4685.3 and Hg 4825.6 A which are separated from the 
exciting line Hg 4358.3 A by 1602 and 2222 cm", 
respectively. The determination of the state of polari- 
zation of the weaker Raman bands, not carried out by 
the earlier authors, proved to be valuable in the fre- 
quency assignments which will now be discussed. 


ASSIGNMENT OF FREQUENCIES 


We believe that the most reliable and best substanti- 
ated assignment of frequencies to the fundamental 
modes of Ni(CO), has been carried out by Jones.® 
Because of its incompatibility with experimental spec- 
troscopic evidence, we feel unable to accept the modi- 
fication of this assignment proposed more recently by 
Pistorius.? He recommends a value of 429 cm~ for the 
inactive F; mode. Our assignment, given in Table I, 
rests essentially on the evidence provided by the 
Raman spectrum of Ni(CO), and its comparison with 
the previously reported spectra of Co(CO),- and 
Fe(CO),-; it differs from that of Jones in only one 
way namely the attribution of 600 cm™, rather than 
461 cm™ to the v3 mode (£). With respect to all the 
remaining fundamentals we adopt Jones’ arguments 
and conclusions and we shall restrict ourselves to the 
discussion of some additional evidence. The numbering 
of the normal modes is the same as that used by Jones®: 
Murata and Kawai,’ and the preceding paper II. 


Low-Frequency Region 


Two fundamental Raman-active vibrations, ™(£) 
and vs(F2), are expected. Only one broad band, ex- 
tending over a range of about 15 cm~', has been ob- 
served. Making use of an apparatus described by one 
of us and Forneris,'* we photographed this band under 
fairly high dispersion (15 cm~'/mm) without being 
successful in resolving it into two components. The 
microphotometer tracing of the band suggested, but 
somewhat inconclusively, the presence of one very 
strong and one weaker shift with maximum densities 
at 77 and 81 cm“, respectively. 


18H. Stammreich and R. Forneris, Spectrochim. Acta, to be 
published. 
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The Middle-Frequency Region 


The high intensity and the polarization of the Raman 
line at 380 cm, and the coincidence of shifts at 421 
and 461 cm“ with the strongest infrared bands ob- 
served in the middle frequency range lead immediately 
to the assignments of 381 cm™ to v.(A,) and of 421 
and 461 cm™ to v7(f2) and ve(F2), respectively. In 
conformity with the considerations reported in paper 
II the higher of the latter frequencies has been assigned 
to the bending mode. The assignment of frequencies to 
the remaining E mode and the inactive F; species will 
be discussed later. 

A rather unusual and noteworthy feature of the 
Raman spectrum of Ni(CO), is the appearance of four 
relatively strong shifts all of which must be assigned 
to first harmonics or binary combinations of funda- 
mental Fs modes. The bands observed at 538, 836, 
876, and 916 cm~ are exactly alike with regard to in- 
tensity, broadening and state of polarization, the latter 
fact pointing unequivocally to the presence of a compo- 
nent of species A;. The Raman-active combination 
vatve( EXF2) which is expected to coincide with 
vet+vs(F2X F2) does not possess such a component and 
since the degree of depolarization of the four mentioned 
shifts was found to be the same, we assigned the fre- 
quency 538 cm™ only to the latter combination. 
Another line, having the usual very low intensity of an 
overtone or combination band in Rania:. 
found at 757 cm™. 

The only remaining Raman shift ico be assigned is 
that at 600 cm™; its high intensity points to a funda- 
mental mode whereas its state of polarization requires 
its attribution to an A; mode or to a combination pos- 
sessing a totally symmetric component. Since no 
binary combination of the normal modes so far deter- 
mined complies with the latter requisite, we must ex- 
plain this frequency as a combination involving the 
inactive fundamental of species F;. Possibilities to be 
considered are v3+v9(EXF;), vatro(FoXF;) and 
2v9(F 7); since only the last one contains an A, state 
we are compelled to assign the frequency 500 cm! 
to the first overtone of the F\-mode. 

Having attributed all of the observed Raman fre- 
quencies, it must be concluded that the remaining 
fundamental v3(£) is accidentally coincident with one 
of the shifts already assigned to another mode. Jones® 
considers the band at 461 cm™ as belonging to both 
v3(E) and ve(F2) while pointing out, however, that 
this assignment is not entirely certain. Leaning chiefly 
on the evidence provided by the Raman spectra of 
Co(CO), and Fe(CO),?-, as reported in paper II, 
one should expect v3(£) to have a considerably higher 
frequency than v(F2). Thus, we attribute the 600 
cm band to the former mode. This also appears to be 
consistent with the otherwise rather unexplainable 
high intensity of the band, equal to or a little higher 
than that of the fundamental »7(F 2) found at 421 


pectra, was 
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cm. The 600 cm band is absent in the infrared 
absorption spectrum; had it originated solely from 
2v9(F;*) it should have been observed. We might men- 
tion, furthermore, that investigation of the shift 461 
cm under high dispersion did not provide any evi- 
dence for the presence of two overlapping bands in 
this region. 

Thus our assignment, as proposed here, comes close 
to that which might be regarded as obvious from a 
first glance at the Raman spectrum of Ni(CO)4. The 
four shifts of outstanding intensity in the middle- 
frequency region are ascribed to the four active funda- 
mentals. Nevertheless, two questionable points should 
be mentioned and discussed. The coincidence of v3( £) 
with the first harmonic of the F; mode (2y9) which 
contains a state of symmetry FE may be expected to 
lead to a resonance interaction and a subsequent 
spreading apart of the corresponding energy levels, 
thus causing a splitting of the Raman line into two 
components. It seems rather unwise to attempt to 
draw a valid conclusion from the absence of expected 
Fermi resonance. As is shown by the well known 
theoretical treatment of the problem, the magnitude 
of the resonance splitting depends not only on the 
closeness of the unperturbed levels but essentially upon 
the magnitude of the anharmonic terms in the po- 
tential function which is, in the case of polyatomic 
molecules, generally indeterminate. 

Another possible objection to our assignment, as 
also pointed out by Jones,’ might arise from the con- 
siderable frequency difference between the Ni—C—O 
bonding modes »;(/) and ve(F2). This implies the 
existence of fairly large interactions between these 
bond angles. Our assignment relies chiefly on the ex- 
perimental evidence provided by the Raman spectrum 
of Co(CO)4¢, as reported in IT. Because of its excep- 
tionally good quality and the absence of overtone or 
combination bands even in strongly overexposed 
spectra, the assignment of the observed frequencies to 
the fundamental modes of this ion can be made im- 
mediately without leaving much margin of doubt. The 
interval between the frequencies belonging to the 
mentioned vibrations in question is 96 cm! for Co(CO).- 
and 141 cm™ in Fe(CO),?>; on the basis of the assign- 
ment proposed here this interval is 139 cm” for 
Ni(CO),. By means of the simplified valence force 
treatment, described in the preceding paper II and 
applied in the following to nickel carbonyl, the values 
of the M—C—O bending constant of the species 
Ni(CO)4, Co(CO)4-, and Fe(CO)> are found, to be 
0.26, 0.45, and 0.48 md/A, respectively. The corre- 
sponding unique bend-bend interaction constants are 
0.06, 0.06, and 0.09 md/A. The magnitude of the latter 
values relative to that of the main bending constant 
are approximately 23%, 14%, and 19%, respectivel:. 
Taking into consideration™ the alteration of bond 


“41, H. Jones (private communication). 
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structures in the three isoelectronic species, to be dis- 
cussed later, these values seem reasonable. 


High-Frequency Region 


The totally symmetric and the triply degenerate 
stretching motions of the C—O bonds correspond to 
frequencies in this region. In full agreement with 
Jones® we assign 2128 cm™ to »( A) and the band ob- 
served at 2037/2053 cm™! to v5(F2). All assignments 
previous to that of Jones, as quoted in the introductory 
part of the present paper, attribute the former shift 
to a combination whereas the latter band is assigned 
to both py; and v;. This has been deduced from the fact 
that the most intense Raman line of liquid Ni(CO), is 
observed at around 2039 cm~ whereas the frequency of 
the strongest infrared absorption band of the com- 
pound in the gaseous phase is 2057 cm. Moreover, 
the comparatively low intensity of the polarized Raman 
line at 2128 cm™ is apparently inconsistent with a 
totally symmetric fundamental mode. Supplementary 
to Jones’s arguments our results provide further evi- 
dence in support of the assignment of this author. 

Ni(CO), is not the only metal carbonyl compound 
whose Raman spectrum exhibits a surprisingly weak 
line corresponding to a totally symmetric C—O stretch- 
ing mode. We observed, in the Raman spectrum of 
iron pentacarbonyl'' a strongly polarized, compara- 
tively weak shift at 2114 cm™ which cannot be attrib- 
uted toa combination but must belong to a fundamental 
of species A;’. In this connection, we might mention a 
similar anomaly occurring in the Raman spectra of 
cyanide complexes. As observed in this laboratory and 
also'as reported by Poulet and Mathieu” the spectra 
of these coordination compounds which are closely 
related to the metal carbonyls, nearly always show un- 
expected weak shifts corresponding to the totally 
symmetric M—C stretching vibrations. On the other 
hand the respective C—N modes are found to produce 
very strong bands. 

Our observations of the Raman shift at 2037 cm“ 
in pure liquid Ni(CO), and the appearance of the 
2053 cm™ band in the spectra of Ni(CO), in solution 
point clearly to the fact that the two frequencies belong 
to one and the same fundamental mode and that the 
large displacement of the former one is due to inter- 
molecular forces operating between molecules of the 
same kind in the liquid state. Considering the low 
boiling point of nickel carbonyl and the fact that 
regular tetrahedral molecules not only have a zero 
dipole, but also a zero quadrupole moment, the large 
effect of intermolecular interactions upon the frequency 
of the F2-mode ys is quite startling. 


CALCULATION OF FORCE CONSTANTS 
In paper II we reported a simplified quadratic 
valence force potential function containing, in addition 


1H. Poulet and J. P. Mathieu, Spectrochim. Acta 15, 932 
(1959). 
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TABLE IT. Valence force constants of Ni(CO)4s, Co(CO)s- and 
Fe(CO)2- (in md/A). 


Ni(CO), Co(CO), Fe(CO) 2 
11.40 
4.06 
0.48 
0.09 


0.05 


16.28 13.2 


0.09 
0.0 


to the four principal potential constants, only two 
constants referring to C—O stretch-stretch and to 
M-—-C—O bend-bend interactions, respectively. By 
means of this model we evaluated the force constants 
of the anions Co(CO) > and Fe(CO)- following 
Wilson’s FG matrix method. Despite the extreme 
simplicity of the assumed force field the force constants 
so obtained satisfactorily reproduced the observed 
frequencies. The same treatment has been applied to 
Ni(CO)4. Due to the rather surprisingly close proxim- 
ity of vg (461 cm™) and »; (421 cm™), both belonging 
to the same symmetry species F2, it became necessary 
to introduce into the potential function a term allowing 
for the interaction of the Ni—C stretching and the 
Ni—C—O bending. We employed the potential func- 
tion given in the preceding paper by adding the term 


a: 6 

] P 1 

+25 > J (M—c) (mM c_o)(Ar;) ((rR)*Ar x). 
=| k=a 


The resulting force constant fim C)(M—C—O) has a 
small negative value indicating that the lengthening 
of the Ni—C linkage makes it easier to distort the bond 
angle Ni—C—O. The approach just indicated is the 
same as that used by Jones® in his approximate evalua- 
tion of the potential constants of Ni(CO),4, followed 
subsequently by a more refined treatment." Since the 
essential aim of the present work is to allow for a direct 
comparison of the principal stretching constants of 
Ni(CO), with those previously calculated for the 
isoelectronic ionic species, we prefer to apply the same 
simplified force field model to all three molecules. The 
values so obtained are listed in Table II. 

The frequencies the fundamental 
modes of nickel carbonyl, calculated by means of these 
potential constants, are compared with the observed 
data in Table III. 

It is apparent that the agreement between observed 
and calculated values is quite satisfactory; the only 
relatively large numerical discrepancy is in vg and is of 
the order of 5%. Considering the fact that the most 
general quadratic potential function of X(YZ),4 mole- 
cules contains 21 valence force constants corresponding 


belonging to 
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to 17 symmetry force constants formed thereof by 
linear combinations, this result seems better than 
might be expected. Jones," on the strength of considera- 
tions of the bonding characteristics in Ni(CO)4., as- 
sumes various additional relations among the different 
interaction constants and arrives at a more refined 
treatment that probably comes much closer than our 
model to the reality of the existing field of ‘chemical”’ 
forces. Even so, that author is no more successful in 
reproducing the observed frequencies than we are, also 
arriving at a discrepancy of 5% in 73. 

Finally, we will briefly compare the principal force 
constants of Ni(CO), calculated by Jones" with those 
calculated in the present work. With regard to the 
force constants and the interaction constants of the 
bond angles Ni—C—O the differing frequencies as- 
signed to v3(£) cause an appreciable discrepancy. 
Jones evaluated the Ni—C stretching constant to be 
2.09 md/A, we find 2.49 md/A. Since, in our model, the 
interaction of the Ni—C bonds is disregarded, the 
discrepancy is an apparent one. The introduction of 
the corresponding term in the potential function would 
lead to values of favi-cy and fexi-cywi-c) of about 2.10 
and 0.15 md/A, respectively. Jones’ value of the stretch- 
ing constant fio) is 17.305 md/A whereas our is 
16.28 md/A. The difference is due, exclusively, to the 
fact that the former author uses in his calculations the 
approximate true zero-order frequencies of »;(A1) and 
vs(F2). They are estimated, from observations of the 
combinations »;-+v; and 2y;, to be 2135 and 2074 cm~, 
respectively. For the sake of better comparability with 
the values calculated for Co(CO)s- and Fe(CO),- 
we have used the values observed on liquid Ni(CO),, 
namely 2128 and 2037 cm. The use of the frequency 
2053 cm! of v5(F2), as observed in the spectrum of 
Ni(CO), in solution, or of the zero-order frequency 
2074 cm of the molecule in the gas phase would lead 
to the numerical values of about 16.75 or 17.3 md/A, 
respectively, for the C—O stretching constant and to 
a corresponding decrease of the interaction constant 


fe O)(C—O)- 


TABLE ITT. Observed and calculated frequencies (in cm™~!) 
of normal modes of Ni(CO),. 


Species Observed Calculated 


Aj 1 2128 
380 


2128 
380 


600 600 
78 78 


to 


mw 


2037 2036 
461 485 
421 422 


OnNnwN 


Fy 


=) 


® From 1° overtone. 
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FORCE CONSTANTS AND ELECTRONIC DISTRIBUTION 
IN Ni(CO), AND RELATED COMPOUNDS 


It is now commonly felt that the metal-ligand bonds 
in metal carbonyls and their derivatives have a partial 
multiple character." Such multiple bonding is most 
easily visualized” as the result of donation of electrons 
from the lone pair carbon orbital of CO to the metal 
together with a back donation of electrons from d 
orbitals of the metal into suitable z-type orbitals of 
the ligand. The two components of the metal-ligand 
bond, which may be identified as a dative o bond and 
a dative r bond,” respectively, produce charge shifts 
in opposite directions and are thus expected to mutually 
enhance themselves. One may expect, on the strength 
of Pauling’s electroneutrality principle,” that as a con- 
sequence of the interplay between the two bond compo- 
nents, the metal will eventually be left with a net 
charge close to zero. 

From the electronic structure of carbon monoxide*** 


one may infer that dative r bonding can only arise at 


the expense of the bond order of the C—O bond. The 
resulting electronic distribution will be such that the 
m-bond orders of adjacent M—C and C—O bonds 
become roughly complementary.” In Mulliken’s nota- 
tion,® such mesomeric electron displacement can be 
classified isovalent dative conjugation. 

Considered in this way, the spectral properties of the 
C—O bond in metal carbonyls and in a variety of their 
derivatives, have provided ample, though indirect, 
evidence for multiple metal-ligand bonding and con- 
jugation.*.°?- To obtain direct and more detailed 
information on the electronic distribution in metal 
carbonyl compounds, it seems necessary to simul- 
taneously examine the properties of both bonds, 
M—C and C—0Q, in a series of compounds. The series 
of the isosteric and isoelectronic carbonyl species 
Ni(CO),4, Co(CO) 4g, and Fe(CO),2>, whose force con- 
stant data are listed in Table I], seems particularly 
convenient for such a study. 

One notices from Table II that the stretching force 
constants of the M 


C bonds increase strongly in the 

11. Pauling, The Nature of the Chemical Bond (Cornell Uni- 
versity Press, Ithaca, New York, 1960), 3rd ed. 

WV_K. Syrkin and M. E. Dyatkina, Structure of Molecules and 
the Chemical Bond (Butterworths Scientific Publications, Ltd., 
London, 1950). 

18 J. W. Cable and R. K. Sheline, Chem. Revs. 56, 1 (1956). 

9 J. Chatt, J. Inorg. Nuclear Chem. 8, 515 (1958). 

2 J. Chatt and F. A. Hart, J. Chem. Soc. 1960, 1378. 

21]. Chatt and A. W. Williams, J. Chem. Soc. 1954, 4403. 

2 1. Pauling, J. Chem. Soc. 1948, 1461. 

°C. A. Coulson, Valence (Oxford University Press, New 
York, 1952), pp. 211-212. 

4H. H. Jaffé and M. Orchin, Tetrahedron 10, 212 (1960). 

2 R. J. Irving and E. A. Magnusson, J. Chem. Soc. 1958, 2283. 

26R. S. Mulliken, Tetrahedron 5, 253 (1959). 

27R. S. Nyholm and L. N. Short, J. Chem. Soc. 1953, 2670. 

*%R. A. Friedel, I. Wender, S. L. Shufler and H. W. Sternberg, 
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1959, 2323. 
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TABLE IV. Computed bond numbers for Ni(CO)4, Co(CO)4~ 
and Fe(CO),-. 





Species 


Neo 
Ni(CO), 2.64 
Co(CO)<- 2.14 


Fe(CO)2- 1.85 


1.33 
1.89 
2.16 


4.03 
4.01 


sequence Ni(CO), < Co(CO)a-<Fe(CO)-; simul- 
taneously, the stretching force constants of the C—O 
bonds show a pronounced decrease in the same se- 
quence. The observed increase of the M—C stretching 
force constants with increasing negative charge of the 
carbonyl species must, obviously, be attributed to an 
increased contribution of dative bonding. The oppo- 
site trend of the stretching force constants of the two 
bonds, M—C and C—O, may be considered as a direct - 
demonstration of the expected conjugative interaction. 

Considering the numerical values of the force con- 
stants of the carbonyl species Ni(CO),, Co(CO)4-, and 
Fe(CO) >, we shall attempt to obtain a crude quanti- 
tative estimate of the electronic distribution in these 
species. To do so, we shall represent the state of a 
single M—-C—O grouping as a resonance hybride of 
the three structures: (1) M—C=0; (2) M==C=0O; 
(3) M==C—O. The bonds in structures 1-3 are to be 
considered as having a normal amount of polarity or 
ionicity, and not as extreme covalent bonds.*! The 
weighted average number of valency links between two 
atoms in structures 1-3 shall be regarded as the re- 
spective (formal) bond number. Independent of the 
relative contribution of structures 1-3, the sum of the 
bond numbers of both bonds in a M—C—O grouping 
is always four. Since, in principle, all the five filled d 
orbitals of the metal are available for x-bond forma- 
tion’®.”.33 with the four ligands, the maximum bond 
number of the M—C bond is 2.25; correspondingly, the 
minimum bond number of the C—O bond, is 1.75. 

Tentatively, we may make the assumption that the 
stretching force constants of a given bond, M—C or 
C—O, are proportional to the respective bond numbers. 
This is certainly a drastic simplification, but is appar- 
ently justified by the final result. The bond numbers 
of the C—O bonds in the three carbonyl species can 
then be calculated by relating their stretching force 
constants to that of CO (18.53 md/A) and assuming a 
bond number of 3.0 for the latter molecule. To obtain 
the bond numbers of the M—C bonds, their stretching 
force constants are multipled with an unique empirical 
factor, chosen to make the sum of the bond numbers 
of both bonds, M—C and C—O, on the average, as 
close as possible to four; the results are resumed in 
Table IV. 

Considering the fact that the foregoing 
~ 81 See reference 16, p. 266. 


#2 G. E. Kimball, J. Chem. Phys. 8, 188 (1940). 
8%}, A. Cotton, J. Chem. Soc. 1960, 5269. 
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rests upon oversimplifying assumptions, the constancy 
of the sum of the bond numbers in the three carbony] 
species seems rather surprising. While realizing that the 
significance of this numerical result should not be over- 
rated, we believe that the values given in Table IV 
represent a fairly realistic approximation to the true 
bond structures of these molecules. 

We shall now briefly discuss some conclusions, re- 
ferring to the distribution in the three 
carbonyl species, which might be drawn from the data 
given in Table IV. 

It is likely that the electronic structure of Fe(CO),? 
is somewhere Fe(=C=0), and O—C= 
le(=C=0);; apparently, the multiple bonding capa- 
city of the metal is nearly used to its full extent. 
Cotton® has recently shown that this is possible and 
our results give support to his conclusions. If the true 
electronic distribution in Fe(CO)> is close to the 
fully double bonded structure, then the negative charge 
can be moved from the metal to the oxygen atoms by 
the effect of bond polarity only. This would require a 
rather high polarity of about 50% for the double 
M=C and C=0 bonds. The structure with one triple 
M=C bond probably makes a ponderable contribution 
to the state of the molecule. 

The structure of Co(CO),¢ is likely between O= 
C—Co(=—=C 
to note that bond numbers of 1.87 for the M—C bond 
and of 2.13 for the C—O bond have been estimated 
by Friedel et al.* from electroneutrality and electro- 
negativity considerations. These estimates are in sur- 
prisingly good agreement with the values reported 
here. Similar estimates for Fe(CO),- lead to bond 
numbers of 2.08 and 1.92 for the M—C and the C—O 
bonds, respectively, still in satisfactory agreement with 
our results. For Ni(CO),4, however, Friedel et al.” 
obtain bond numbers of 1.67 and 2.33, respectively, 
which differ considerably from our values of 1.33 and 
2.64. More recently, Pauling arrived at an even higher 
estimate of the bond number of the M—C bond in 
Ni(CO),4, namely, 1.78. 


electronic 


between 


4 See reference 16, p. 333 
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In part, these discrepancies may be due to the fact 
that our crude calculations tend to overemphasize the 
spread between the bond numbers of the different 
carbony] species. However, it is unlikely that the whole 
difference can be explained in this way. We rather 
believe that the M—C bond numbers obtained from 
electroneutrality considerations are too high. This may 
be due, among other reasons, to the neglect of the 
influence of the formal charge*-* and of the state of 
hybridization®™ * on the electronegativities of the metal 
and of the carbon atom. While a quantitative evalua- 
tion of the effects of these factors is hardly possible, 
qualitatively their trend is such as to increase the 
electronegativity difference between the metal and 
the carbon atom, at least in the single dative bonded 
structure 1. Electroneutrality of the metal atom can 
thus be achieved by a larger contribution from this 
structure, i.e., at a lower bond number of the M—C 
bond than hitherto admitted. 

Taking into account the weight of the present results 
we conclude that the M—C bond in Ni(CO), has 
less than 50% double bond character. 


Note added in proof. Attention is called to two recent 
studies of the Raman spectrum of Ni(CO),, carried out 
by M. Bigorgne and by M. Bigorgne and A. Chelkowski, 
respectively [Compt. rend. 251, 355 and 538 (1960) ]. 
These notes have come to the knowledge of the authors 
while the present paper was in the process of publica- 
tion. The spectrum of liquid Ni(CO), reported by 
Bigorgne is, although less complete, in best agreement 
with the results of our observations. 
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Raman Spectra of Metal Carbonyl Compounds. IV. Raman Spectra and Structure of 
Cadmium and Mercury Cobalt Carbonyl 
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The complete Raman spectrum of Cd[Co(CO),4 7» and a partial one of Hg[Co(CO),}, excited by helium 
radiation in the red and near infrared spectral range, are reported. A salient feature of the observed spectra 
is the appearance of an intense, strongly polarized shift at 152 (161) cm™, not found in the spectra of mono 
nuclear metal carbonyls, that must be assigned to the symmetric Cd(Hg)—Co stretching mode. The results 
exclude the presence of one or more bridging CO groups in the compounds referred to and point strongly to 


both the existence of a three-fold principal molecular axis containing the atoms O—C-——Co 


Cd(Hg)—Co 


C—O, and to the staggered Ds, configuration of the entire molecule. 


INTRODUCTION 


HE structure of heavy-metal derivatives of cobalt 

carbonyl! hydride, like Hg[Co(CO), |}, is not clearly 
understood. In particular, as pointed out by Cable and 
Sheline,! it is not known whether the linkage of the 
heavy-metal is through metal-metal bonds or through 
bridging carbonyl groups. Apparently, structures of 
the latter kind have been considered exclusively in the 
first years following the discovery of these com- 
pounds.?~* Cable and Sheline! suggest that knowledge 
of the vibrational spectra of the heavy-metal deriva- 
tives of cobalt carbonyl hydride would readily provide 
sufficient evidence to establish the correct structure of 
these molecules. 

A first attempt in this direction has been recently 
reported by Bor and Mark6® who observed the infrared 
absorption spectrum of Hg[Co(CO),4}, around 2000 
cm~! and registered four bands in the ‘terminal’? CO 
region, three of them being attributed to fundamental 
vibrational modes. The authors infer from this result 
(1) the absence of bridging CO groups and (2) a 
fairly high molecular symmetry compatible with a 
D3a or D3, configuration. 

A definitive elucidation of the structural problem, 
as referred to, will require the obtainment of more com- 
plete spectral data. In the following we report what we 
believe to be the complete Raman spectrum of the 
cadmium compound and a partial one of the mercury 
derivative. 


* Fellow of the University of Sao Paulo; permanent address: 
Osaka Municipal ‘Technical Research Institute, Osaka, Japan. 

1J. W. Cable and R. K. Sheline, Chem. Revs. 56, 1 (1956). 

?W. Hieber and U. Teller, Z. anorg. u. allgem. Chem. 249, 43 
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EXPERIMENTAL 


Spectroscopic Technique 

Because of the photochemical instability of mercury 
and cadmium cobalt carbonyl and to the orange-red 
color of the former compound in solution, the Raman 
spectra had to be excited in the long-wave region by 
means of helium radiations. The method has been 
applied by us to the Raman spectroscopic investigation 
of other carbonyls, and the pertinent instrumental 
details have been given in preceding papers of this 
series I,° II,’ and IIL.’ The spectrograph was the same 
as that described in II’; the bulk of the spectra were 
taken with an arrangement of high light gathering 
power using the camera of aperture 1:1.9 and focal 
length 12 cm, while other spectra were photographed 
under higher dispersion. 


Samples 


Mercury cobalt carbonyl was purified by repeated 
crystallizations from methanol in dim red light and 
under exclusion of air. We tried to obtain the Raman 
spectrum of the compound dissolved in methanol, 
carbon disulfide, benzene and cyclohexane; all of these 
solutions proved to be extremely photosensitive. Upon 
the incidence of radiation He 5875.6 A they decomposed 
and became turbid almost instantaneously. Solutions 
in carefully dried benzene or cyclohexane (5% by 
weight) were found to be a little more resistant to He 
6678.2 and 7065.2 A; the incidence of radiations of 
shorter wavelength had to be prevented by means of 
adequate filters. Even in this manner it was not possible 
to carry out long exposures and we had to confine our- 

6H. Stammreich, Osw. Sala and Y. Tavares, J. Chem. Phys. 
30, 856 (1959). 

7H. Stammreich, K. Kawai, Y. Tavares, P. Krumholz, J. 
Behmoiras, and S. Bril, J. Chem. Phys. 32, 1482 (1960). 

8 H. Stammreich, K. Kawai, O. Sala, and P. Krumholz, J. Chem. 
Phys. 35, 2168 (1961), preceding article. 
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Taste I. Observed Raman spectra of Cd[Co(CO),} and 
Hg[Co(CO) 4k 


Hg[Co(CO).4} 
in benzene and 
cyclohexane 


Cd[Co(CO) 4b 
in methanol 
and benzene» 


Frequency 
region® 


98 (20) vvb 


Skeletal stretch 152 (15) P 


100 (50) vvb 
161 (20) 
416 (10) 


Low 


429 (20) P 
496 (5) 
530 (5) 
560 (4) 
619 (1) b 
732 (4) b 
778 (2) u 
1953 (3) b 
1984 (20) P 
2075 


Middle 


1990 (2) 
2030 (8) 
2107 (2) u 


High 


falling in these regions see Table II. 
> b=broad, v=very, P=shifts with depolarization factor <0.4; u—the 
authenticity of these shifts is probable but not completely certain. 


selves to recording only the strongest Raman shifts of 
the molecule. Due to the large frequency interval be- 
tween the exciting line and the shifts corresponding to 
the C—O stretching modes, the increasing turbidity of 
the samples during the exposure caused less trouble in 
the high frequency region. We believe the spectrum, as 
observed in this range, to be complete. We did not 
succeed at obtaining data on the state of polarization 
of the observed Raman lines. 

Cadmium cobalt carbonyl was prepared® by the re- 
action of stoichiometrical quantities of NaCo(CO), 
and Cd(NO3)2 in aqueous solution, evaporation in 
vacuo to dryness, extraction with benzene and evapo- 
ration of the filtered benzene solution. The yellow 
residue was dissolved to about 8% by weight in absolute 
methanol. Cd[Co(CO)4}, although chemically less 
stable than the mercury derivate, is incomparably less 
photosensitive in solution, provided oxygen is com- 
pletely excluded. It was possible to use the helium 
radiations 5875.6 and 6678.2 A for excitation of the 
Raman spectra and the samples withstood long ex- 
posures without showing either an appreciable change 
of their pale yellow color or other signs of decomposi- 
tion. The bulk of about 60 spectra, as recorded alto- 
gether, were taken using as samples methanol solutions. 
In order to make sure that possible interaction of the 
molecule with the solvent had no appreciable influence 
on the observed frequencies, we photographed some 
spectra of benzene solutions. The spectra of both solu- 
tions were found to be identical to within the error of 
our measurements; we evaluate this error as +2 cm™ 
for sharp lines. Polarization measurements were carried 
out on spectra excited by the yellow helium line, except 
for the shifts in the 2000 cm™ tange whose state of 


9W. Hieber, E. O. Fischer, and E. Boeckly, Z. anorg. u. allgem. 
Chem. 269, 308 (1952). 
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polarization was observed on spectra excited by He 
6678.2 A. 


OBSERVED RAMAN SPECTRA 


The observed Raman spectra of Cd[Co(CO),], and 
Hg[Co(CO),4 |, are shown in Table I. 

As has been mentioned previously, we did not suc- 
ceed at recording the complete Raman spectrum of the 
mercury derivate, except in the high-frequency range. 
The shift 2107 cm™ could not be observed in spectra 
excited by He 6678.2 A due to its coincidence with the 
oxygen line 7772 A which is the strongest line of the 
OI spectrum. Despite careful outgassing of the helium 
discharge tubes, the faint appearance of this line can 
hardly be avoided. Using a cyclohexane solution and 
excitation by He 7065.2 A, the Raman frequency 2107 
cm is nearly coincident with the strong shift 2922 
cm excited by He 6678.2 A and belonging to this 
solvent. Hence, evidence for the authenticity of the 
frequency 2107 cm~ is provided but by the spectrum 
of benzene solutions excited by He 7065.2 A; although 
not completely certain, we believe this shift to be 
genuine. 

The frequencies of Cd[Co(CO),],, as listed in 
Table I, represent, in our opinion, the totality of the 
Raman-active fundamental modes of the molecule 
except in the low-frequency region where the shifts 
corresponding to different bending modes could not 
be resolved. Even with extremely overexposed spectra 
we were unable to observe additional Raman bands. 
Due to a near coincidence with a band head of the 
molecular spectrum of Hes, the only line whose genuine- 
ness may appear questionable is that found at 778 
cm. However, the results of comparative intensity 
measurements point strongly to the authenticity of 
this frequency. 

In the spectra of both molecular species we observed 
a broad, intense band around 100 cm~. This band 
extends over a range of approximately 25 cm™ and 
could not be resolved into different components. In the 
preceding papers IJ’ and III® we reported a similar 
observation on the spectra of the tetrahedral species 
Co(CO)s-, Fe(CO)2- and Ni(CO), where only two 
fundamental modes, corresponding to deformations 
of the C—M—C angles, fall in the low frequency region. 
As will be discussed later, the molecular species, dealt 
with in the present work, possess considerably more 
Raman-active fundamentals of low frequency. More- 
over, at room temperature the population of the lower 
excited levels of such low-frequency oscillators will be 
comparable to that of the ground state, giving rise to 
strong upper stage bands whose frequencies are ex- 
pected to differ slightly from those of the fundamental 
transitions due to anharmonicity and coupling effects. 
It is, therefore, hardly surprising that the crowding of 
a large number of fundamental and upper stage bands 
in a narrow spectral range produces the observed ap- 
parently structureless broad band. 
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DISCUSSION OF RESULTS 


The most salient feature of the Raman spectra of 
both molecular species investigated here, is the ap- 
pearance of an intense, sharp, and strongly polarized 
shift lying in a frequency region which is completely 
free in the spectra of mononuclear metal carbonyl com- 
pounds. This shift, found in Cd[Co(CO)4]} at 152 
cm! and in the mercury derivative at 161 cm™', must, 
obviously, be assigned to the totally symmetric skeletal 
stretching mode, essentially involving the Cd(Hg)—Co 
distances. In henceforth describing this mode as 
vissM—Co, and the corresponding force constant as 
fim—co), it should be understood that these notations 
are not meant to imply a statement in the sense of a 
linkage of the Co(CO),4 groups to the heavy-metal atom 
exclusively through metal-metal bonds. Edgell et a/.1°! 
have proposed a polycentered orbital, and a resulting 
“bridge model” for the bonding of the hydrogen atom 
in cobalt carbonyl hydride; obviously, the spectro- 
scopic results of the present study are not expected to 
provide any evidence in favor of or against the pos- 
sibility of a similar type of bonding in the case of the 
heavy-metal derivatives. We believe, however, that 
the contribution of the metal-metal bonding to the 
total bond strength is predominant. 

The fact that we were unable to observe a Raman 
shift that could be attributed to the corresponding 


antisymmetric stretching mode, points strongly to a 


linear symmetrical configuration Co—M—Co. Further- 
more, regarding the molecule, in rough approximation, 
as a system of three masses, in which the Co(CO), 
groups are considered as rigid units and assuming a 
simple valence force field, the values of the force con- 
stants fica—co) and fiag-co) are calculated to be 2.33 
and 2.61 md/A, respectively. Under the same sim- 
plifying assumptions, the frequencies of the anti- 
symmetric modes vias) Cd—Co and vias) Hg —Co would 
be 305 and 265 cm, respectively. The effect of an 
interaction between the M—Co bonds—a_ positive 
sign of the corresponding force constant is to be ex- 
pected—would result in a decrease of the frequencies 
of the antisymmetric modes. 

The Raman shift 152 cm™! of Cd[Co(CO),}, ex- 
cited by He 5875.6 A, required an exposure of 5 min or 
less to appear with fair intensity on 103aC-plates. 
Exposures of up to 5 hr did not reveal a shift between 
152 and 429 cm; hence we conclude that the mode 
M—Co is forbidden in Raman. As shown in 
Table II, the inactivity of this mode in the Raman 
effect is consistent with the selection rules for the point 
groups Dsa, Ds, and Vi( Dx»). 

The absence of Raman shifts in the range 1750 
1900 cm leads immediately to one further conclusion, 
namely the exclusion of linkages between the Co(CO), 


Vas) 


10 W. F. Edgell, Ch. Magee and G. Gallup, J. Am. Chem. Soc. 
78, 4185 (1956). 

uW. F. Edgell and G. Gallup, J. Am. Chem. Soc. 78, 4188 
(1956). 
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groups and the heavy-metal atom formed by bridging 
carbonyl groups. In this respect, the evidence provided 
by the Raman spectrum is in full agreement with the 
results of infrared measurements reported by Bor and 
Mark6'; both spectra are inconsistent with the struc- 
tures which have been proposed by Hieber*® and by 
Anderson.‘ 

In order to relate the observed Raman spectra in a 
definite way with the structural configuration of the 
molecular species, studied here, we have applied the 
selection rules for point groups Dsa, Ds,, Vi, and Va 
and constructed the respective symmetry coordinates. 
Thus, we obtained the number, the symmetry species 
and the activities of the fundamental modes belonging 
to the mentioned configurations, as well as an approxi- 
mate description of the corresponding vibrational 
motions. The latter points directly—by analogy with 
results obtained on other metal carbonyl compounds— 
to the approximate values of the expected fundamental 
frequencies. Table II shows the results in detail for 
Dzsa symmetry and summarized for the remaining 
point groups. 

Only the aforementioned symmetries have been 
taken into consideration. The reduced number of ob- 
served Raman lines, as compared with the 51 normal 
modes of a 19-atomic molecule, clearly indicates a 
highly symmetric structure for the binuclear heavy- 
metal derivatives. The configurations belonging to the 
point groups Ds and Ds, possess a three-fold principal 
symmetry axis containing the atoms O—C—Co—M 
Co—C—O whereas only the three metal atoms are 
located on the twofold principal axis of the V, or Va 
structures. A nonlinear arrangement Co—M—Co would 
lead to a low molecular symmetry, such as Cx, pos- 
sessing only nondegenerate normal modes, all of them 
Raman-active. Setting aside the evidence provided by 
the absence of the Raman shift corresponding to the 
antisymmetric skeletal stretching vibration, the ob- 
served spectrum, on the whole, is entirely incompatible 
with such a low symmetry. 

One notices from Table II that the Raman spectrum 
of cadmium cobalt carbonyl, as observed in the different 
frequency regions, is in full agreement with that ex- 
pected for Dja symmetry. In the middle frequency 
range, comprising the Co—C stretching and the Co— 
C—O bending modes, we found, in conformity with 
predictions, seven Raman shifts whereas the structures 
belonging to point groups Dy,, Vi, and Va would re- 
quire 11, 12, and 16 Raman active fundamentals, 
respectively. The same agreement is noted in the 
spectral region around 2000 cm~ where the stretching 
modes of the ‘terminal’? CO groups are located. The 
three observed frequencies are consistent with D3, 
symmetry whereas the spacial configurations belonging 
to the remaining point groups would give rise to 4, 4, 
and 6 Raman active fundamentals, respectively. Be- 
cause of the previously noted impossibility of resolving 
the different bands corresponding to deformations of 
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the angles C—Co—C, M—Co—C, and Co—M—Co, 
our observations in the low frequency region do not 
provide any indications as to the structure of the 
molecule. 

The partial Raman spectrum of the mercury deriva- 
tive is fully consistent with the D;. structure, as estab- 
lished for cadmium cobalt carbonyl, particularly on the 
strength of the evidence provided by the observed 
C—O stretching modes. We may thus conclude that 
the binuclear heavy-metal derivatives of cobalt car- 
bonyl hydride possess a center of inversion occupied 
by the heavy-metal atom. The linear arrangement 
O—C—Co—M—Co—O is the threefold principal axis 
of molecular symmetry, each cobalt atom forming the 
apex of an axialsymmetric trigonal pyramidal arrange- 
ment of three carbonyl! groups located outside the prin- 
cipal axis. The two trigonal pyramids are in a staggered 
position with respect to each other. The spectral evi- 
dence in favor of the staggered D3a configuration, as 
compared with the eclipsed D3, structure, is consistent 
with the higher stability which may be expected from 
the decrease in Coulomb repulsion energy in the former 
arrangement. 

Additionally, the observed spectral data seem to 
provide some informations as to the nature of the 
bonding in the molecular species being studied. One 
notices from Table I that both the skeletal and the 
C—O stretching frequencies are higher in the mercury 
than in the cadmium derivative. The contrary holds 
for the most intense Raman shifts, as observed in the 
middle frequency range (Hg 416, Cd 429, P), which 
may be assigned, rather unambiguously, to the totally 
symmetric, in-phase stretching motion of the eight 
M—C bonds. This spectral behavior is most easily 
understood if the bonds between the heavy-metal and 
the Co(CO), groups are considered as covalent metal- 
metal bonds having a partial ionic character which 


CARBONYL COMPOUNDS. IV 2179 
leaves the heavy-metal atom with a net positive charge. 
The corresponding amount of negative charge most 
likely will be removed from the Co atom to the more 
electronegative oxygen atoms. This process of charge 
migration involves an increased contribution of dative 
m bonding to the bond between the Co atom and the 
CO ligands, which, through conjugative interaction, 
decreases the az-bond order of the C—O bond and, 
hence, increases the C*—O~ polarity. According to 
this interpretation the bonds between the heavy-metal 
atom and the Co(CO),4 groups are more covalent (or 
less polar) and therefore stronger in the mercury de- 
rivative than in the cadmium compound. This is in 
agreement with the greater stability of the mercury 
derivative towards oxidative decomposition as well as 
with the known fact that divalent mercury has a 
greater tendency towards the formation of covalent 
bonds than divalent cadmium. In further agreement 
with the present interpretation of the nature of bonding 
in Hg[Co(CO), }, and Cd[Co(CO), }o, it is found that 
the M—C and C—O stretching frequencies of these 
derivatives are intermediate between those of the ion 
Co(CO)¢ and of the nonpolar Ni(CO),, reported in 
the foregoing publications II’ and III.* 

The opposite trends of the M—C and C—O stretch- 
ing frequencies in the two heavy-metal derivatives are 
a further confirmation of the conjugative interaction 
between the M—C and the C—O bonds in metal car- 
bonyl compounds, as discussed in III. 
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A simple method for constructing orthogonalized LCAO wave functions for paramagnetic systems from 
electron spin resonance or electron nuclear double resonance data is presented. It is applied to the calculation 
of the ground-state wave function of the F-center electron in KCl, taking overlap of heterocentric atomic 
wave function explicitly into account. This function is built up of 4s and 4) valence functions centered on 
the six potassium ions nearest the vacancy. It is found that this simple form cannot reproduce the quanti- 
tative details of the charge distribution and that the inclusion of additional functions centered on more dis- 
tant sites is necessary for a complete LCAO description of the center. However, it allows some of the quali- 


tative features of the data to be understood. 


I. INTRODUCTION 


HE advent of electron nuclear double resonance 

(ENDOR) techniques has made possible the direct 
measurement of the distribution of electronic charge 
associated with a paramagnetic crystalline imperfection. 
Recently Holton! has used the ENDOR method to 
determine the charge density of the F-center electron 
in alkali halides at nuclear sites as far distant as the 
vacancy’s eighth neighbors. This knowledge supplies 
one with a very sensitive measure for determining the 
accuracy of a wave function which purports to describe 
the F electron in its ground state. The experimental 
results are apparently not too well described by the 
point-ion-lattice model wave functions of Gourary and 
Adrian.” 

In the present paper we describe a simple method 
for constructing an orthogonalized LCAO wave func- 
tion from the ENDOR data for a paramagnetic system. 
The formalism is then applied to the case of the F 
center with the LCAO built up from s and p valence 
functions of the six cations closest to the vacancy. 
Numerical results for KCl obtained by matching charge 
densities close to the vacancy are used to compute 
densities at more distant sites. These are compared to 
experimental and point-ion-lattice model results. 


II. THEORY 


Working in a “tight-binding” picture, we shall assume 
that the total wave function of the system is given by 
a single Slater determinant of one-electron functions. 
If the ion cores of the system are described by an 
orthonormal set of functions ¢; and the “extra” elec- 
tron by some normalized function ¢p which is not neces- 
sarily orthogonal to the ¢,’s, we may write a properly 
normalized and orthogonalized function for this elec- 
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2B. S. Gourary and F. J. 
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Inc., New York, 1960 
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tron as 
Vp -_ [or— Zz Sp [1 em > Sp i ) 2] :. 
i i 


Here Sp; is the overlap integral 


[or ocxyax, 


where X is taken 
coordinates. 

We may take ¢p as an LCAO built up of valence 
functions centered on the constituents of the crystal, 


or = > cbr, 
? 


where v runs over the various functions of interest at 
the various sites. Normalization of @r now requires 


that 
yr Sashes (3) 
u v 

and Eq. (1) now reads 


Wr =a ods ki Libis, )fi— >| pe Si )*J i, (4) 


Evaluating the square of Eq. (4) at any point yields 
the charge density there. The c,, and so the wave func- 
tion, may be determined if one has sufficient ENDOR 
or ESR data to make Eq. (3) and the square of Eq. 
(4) a complete set of simultaneously soluble equations. 
The method can, of course, be applied to any para- 
magnetic system for constructing wave functions to 
be applied, say, in energy level computations. 

Kip, Kittel, Levy, and Portis* have investigated the 
F center’s hyperfine interactions using an LCAO wave 
function composed of s and p functions belonging to 
the vacancy’s six nearest neighbors. They neglect all 
overlap. We shall now extend this simple model to 
include all overlapping of the valence functions with 
each other and with core functions. We shall neglect 
the overlapping of the ionic Hartree-Fock core func- 


to include both space and spin 


3A. F. Kip, C. Kittel, R. A. Levy, and A. M. Portis, Phys. 
Rev. 91, 1066 (1953). 
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tions. This is certainly justifiable in the case of KCl, 

which we treat numerically, but is probably a bad 

approximation in some other systems, notably LiF. 
The ground state LCAO is of the form 


or=Cs Dart > bap, (5) 


where @ runs over the six (100)-like sites about the 
vacancy, das is the valence s function at a (K4s in 
KCl), and ¢a,p is the po function there pointing away 
from the vacancy (K4po in KCl). 

The charge density and normalization equations 
then read 


| Vr = | > (bar— di Sas,i) 
+¢p>.(bap— 2: Sap,i) |2 


X| 1- DO (G Do Sani ter 2 Sayi)?|“, (6) 
and 


(6+ 20d Sasa) 622+ (6+ 2) >) Sap.bp) Cs? 
a Bra a Ba 
+2( DD) Sas,Ap)Cop=1. (7) 
a Ba 


III. RESULTS AND DISCUSSION 

An explicit numerical calculation has been carried 
out for the F center in KCl.4 Tabular Hartree-Fock 
functions for the free constituents were used through- 
out.” The overlap integrals were evaluated using 
Léwdin’s alpha-function technique.’ Programs written 
by Rimmer and Knox for the IBM 650 computer were 
used to generate the necessary alpha functions and 
perform the required numerical integrations.’ The 


TABLE I. Charge density at various sites neighboring the F 
center in KCl. The calculated values are from the present work; 
the experimental ones are ENDOR data taken from reference 1. 
All are in units of 107 cm7%. 





Site 


(100) 667 (fitted) 

(110) 106 (fitted) 

(111) 4. 

(200) 97.2 

(210) 16. 

11.! A 


Calc 








“ We assume all the ions remain in their normal lattice positions 
despite the presence of the vacancy. The lattice constant is taken 
as 3.14 A. 

5For Cl-: D. R. Hartree and W. Hartree, Proc. Roy. Soc. 
(London) A156, 45 (1936). 

® For K* core functions: D. R. Hartree and W. Hartree, Proc. 
Roy. Soc. (London) A166, 450 (1938). 

7 For the K4s and 4p functions: L. Biermann and K. ‘Lubeck, 
Z. Astrophys. 25, 325 (1948). 

5 P. O. Léwdin, Advances in Phys. 5, 1 (1956). 

9M. P. Rimmer and R. S. Knox, unpublished report, Uni- 
versity of Rochester (1958). 
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Fic. 1. Comparison of measured F electron charge density 
with the values predicted by the orthogonalized LCAO and point- 
ion-lattice models in KCl. 


overlap sums were carried out through the fourth 
neighbors of each valence function, thus reaching to 
the vacancy’s eighth neighbors. In practice rather 
large numerical inaccuracies encountered in evaluating 
the denominator of Eq. (6) together with the particu- 
lar coefficients which appear there and in Eq. (7), 
made solving these two directly rather imprecise. 
Instead, the final results were obtained by evaluating 
Eq. (6) at both (100) and (110), dividing and then 
solving the resulting equation for 


| We(100) |2/| Wr(110) |? 


together with Eq. (7). The values obtained for the 
mixing coefficients are c,=0.055, c,=0.216. This is in 
strong contrast to the results obtained neglecting 
overlap which indicate that the function has about 
60% s character. 

The calculated charge densities at more distant sites 
are compared to those obtained experimentally in 
Table I. The agreement is self-evidently bad. There is 
too little charge at (111) and too much outside of it. 
Thus, we conclude, in concordance with Dexter’s con- 
jecture,”’ that many orbitals are necessary to describe 
the F center in an LCAO picture. The present model is 
not sufficiently accurate to reproduce quantitatively 
the details of the charge distribution. Because of the 
large spatial extent of the K4s and 4 functions, it 
seems most reasonable to add these centered at the 
eight (111)-like sites into the trial function as a next 


1D. L. Dexter, Phys. Rev. 93, 244 (1954). 
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step. However, such a calculation would entail a pro- 
hibitive amount of algebraic and computational labor. 

The simple orthogonalized LCAO picture does possess 
some virtues. Figure 1 compares the results of the 
present calculation, the experimental observations and 
the Gourary and Adrian treatment. Note that the last 
predicts a charge density decreasing monotonically 
with distance from the vacancy, whereas the present 
calculation qualitatively reproduces the upward 
“wiggle” at the (200) site. We can interpret this as a 
geometrical effect arising from the terms 


\ Qap— > iSes.i ) 
a 


in the numerator of Eq. (6). The dominant contribu- 
tion to this at distant sites comes from do a:(0) Sap,es 
where ¢,(0) is a core s function centered on the site in 
question. The overlaps involved fall off quite slowly 
with the separation. Thus, we expect a strong direc- 
tional dependence, with the sites along the angular 
maxima of the p functions showing upward “wiggles” 
in charge density when compared with sites near them 
which fall between the lobes of the p functions. View- 
ing the situation from the center of the vacancy, we 
might say that the s-like part of the F wave function 
is dominant inside the vacancy and close by, but at 
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greater distances the small, long-tailed g-like part is 
decisive in determining the detailed behavior of the 
charge distribution, even though it has little effect on 
the energy of the system. The simple orthogonalized 
LCAO model shows this directional dependence at 
least in a qualitative way, whereas the point-ion- 
lattice function which is spherically symmetric about 
the center of the vacancy cannot be expected to re- 
produce it. 

It should be pointed out that the techniques of the 
present paper might profitably be applied to the 
analysis of spin-resonance data from measurements 
made on organic molecules with substituted or added 
paramagnetic groups. The relatively small number of 
atoms and planar geometry may make the overlap 
sums simple enough to include a sufficiently large num- 
ber of orbitals for accurate detailed description. Wave 
functions thus obtained can, of course, be used as the 
starting point for further computations. 
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The rate of decay of the triplet state of anthracene, dissolved in hexane, tetrahydrofuran, and glycerol, 
has been measured at temperatures ranging from 30 to —70°C. In fluid solvents at ordinary temperatures, 
the decay appears to be chiefly the result of bimolecular triplet-triplet interaction and of a bimolecular 
quenching reaction involving an unknown quencher, present in trace amounts even in highly purified sol 
vents. In addition, there appears to be a unimolecular, temperature-independent decay, corresponding to 
an intrinsic mean life of about 0.01 sec. In glycerol, the first-order rate constant decreases rapidly with de 
creasing temperature, approaching a limiting half life of about 0.04 sec at —25°C. This limiting rate appears 
to be the same as has been previously reported for solutions in EPA at liquid nitrogen temperatures. Similar 
results were obtained with solutions of dibenzanthracene. 


INTRODUCTION values of k are reproducible within the expected limits 


of precision.’~? 

In contrast, the values of ky’ (for a given solvent) 
vary widely,'! depending upon the experimenter and 
even upon the sample of solvent for the same experi- 
menter. Exhaustive purification of the solvent usually 
reduces the observed value of k,’. The addition of 


HE rate of disappearance of the triplet state of 
anthracene, etc., in fluid solvents, can be repre- 
sented by an equation of the following form: 


—d T }/dt=ky'[T]+k[T f. 
The bimolecular reaction appears to be a diffusionally- 


limited process, and the experimentally determined 1G. Porter and M. Wright, Discussions Faraday Soc. 27, 18 
(1959). 
a = 2G. Jackson, R. Livingston and A. Pugh, Trans. Faraday Soc. 


*;Sponsored by the Office of Ordnance Research, U. S. Army. 
t Present address: Atomic Energy Research Establishment, 
Harwell, Berkshire, England. 


56, 1635 (1960). 


3H. Linschitz and L. Pekkarinen. J. Am. Chem. Soc. 82, 2411 
(1960). 
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Fic. 1. The vacuum-jacketed cuvette. 


quenchers (such as Os, quinone, or the ions of certain 
transition metals) greatly reduces the half-life of the 
triplet state, and the second-order quenching con- 
stants, for efficient quenchers, have values which would 
be predicted for diffusionally limited, bimolecular 
reactions. 

These indicate that the first-order 
decay is the result of the concurrence of a spontaneous, 
unimolecular decay and a bimolecular reaction between 
the triplet and an unknown, adventitious quencher, 
present at very low concentration. 


ky’ =k’ +k 0} 


observations 


Accordingly, 


and 


—d[TV/dt= (kv +kol OP) (TI+ELTE. 
EXPERIMENTAL METHODS AND MATERIALS 


The sample of anthracene was the same as used in 
previous work.’ The 1, 2,5, 6 dibenzanthracene was a 
high-grade commercial preparation and was_ twice 
recrystallized from spectrographic-grade hexane. The 
solvents, n-hexane, and tetrahydrofuran, were treated 
with Na and were distilled, in an atmosphere of Ne 
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Fic. 2. ki’ as a function of ke of anthracene in hexane. O @ 
I'wo measurements using normally purified hexane. X Specially 
purified hexane. 
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Fic. 3. ky’ asa function of k2 of anthracene in tetrahydrofuran. 
O @ X (J Several measurements in tetrahydrofuran. A meas- 
urement in tetrahydrofuran containing CuCl. 


through an efficient packed column, shortly before they 
were used. The final distillations were made in the 
vacuum line. The purest sample of hexane was prepared 
from spectrographic grade material, and was passed 
through a column of activated silica gel, before being 
treated with Na and distilled. The starting material 
for the tetrahydrofuran was an ordinary commercial 
sample. It was treated successively with several samples 
of clean Na, before being distilled. The glycerol was of 
ordinary USP grade and was twice vacuum distilled 
before use. 


PREPARATION OF THE SOLUTIONS 
The solutions were degassed on a vacuum liue. The 
bulk of this gas was removed by distilling off an appre- 
ciable fraction (10 to 30°%) of the solvent. After this, 
the solvent was frozen with liquid Nz and the space 
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Fic. 4. ky’ as a function of ak: of dibenzanthracene in tetra- 
hydrofuran. © @ Two measurements in tetrahydrofuran. A X 
Measurements in tetrahydrofuran containing CuCl: at low and 
at high concentrations. 
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TABLE I. Kinetics of the decay of the triplet in hexane and tetrahydrofuran. 
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LIVINGSTON 








ky? 


Compound Solvent (sec) 


AE,* 
(kcal) 


kgLlQ] ki? AE* 
(sec™?) (m= sec) (kcal) 





Anthracene Hexane 


Anthracene Tetrahydrofuran 


Dibenzanthracene Tetrahydrofuran 


3X 104 
3X 104 


3.010" 19 1.9 
1.510" Y es 1.9 





above it evacuated to the “black”-vacuum stage. The 
vessel was then closed off by means of a stopcock, and 
the solvent warmed to ambient or higher temperatures. 
The solvent was then frozen and the vessel evacuated 
as before. This process was repeated four to eight 
times. The purified solvent was introduced into the 
evacuated cuvette, which contained a known amount 
of dry anthracene, by tilting a section of the vacuum 
line, after which, the solution was frozen and the cell 
sealed off at a thin-walled constriction. To facilitate 
degassing the glycerol, pure methanol was added to 
the solvent and was distilled off, at approximately 
100°C, in the vacuum line. 


APPARATUS 


The flash-photolytic apparatus has been described.” 
The temperature measurements were made in a vac- 
uum-jacketed, fused-quartz cell, the design of which 
is shown in Fig. 1.4 Although the cell proved to be 
useful and convenient in the study of anthracene and 
dibenzanthracene, strong phosphorescence of the silica, 
in the blue, violet, and near ultraviolet, prevented us 
from making flash-photolytic studies of the triplet 
absorption of naphthalene. 

The cuvette, flashlamps, etc., which were designed 
for and used in the study of the flash-photolytic absorp- 
tion changes, were used without modification in the 
measurement of the rate of decay of the phosphores- 





© @ Two measurements of k')~k*) 
© @ Two measurements of k» 
% x Two series of measurements of 1 
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Fic. 5. Dependence of k;'—k;° and k2 (anthracene in hexane) 
and of 7 of hexane on temperature. 


4 We are indebted to the Mechanical Division of General Mills 
and to Mr. Emil Berg of General Mills for the construction of 
the cell. 
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cence of dibenzanthracene. An RCA 931 A photomul- 
tiplier, in a suitable housing, was placed close to the 
exit diaphragm of the light box. A simple mechanical 
shutter and a second order interference filter, having a 
maximum transmittance of 5320 A, were placed be- 
tween the light box and the photomultiplier housing. 
After some practice, it proved possible to open the 
shutter reproducibly a few milliseconds after the lamp 
was flashed and the oscilloscope triggered. 


RESULTS 


If both bimolecular quenching reactions are diffu- 
sionally limited, their energies of activation should be 
identical and the values of their pre-exponential factors, 
k.° and kg°, should be similar. If we further assume, for 
the range of temperatures used, that the rate of the 
spontaneous, unimolecular decay is independent of 
temperature, we may write, 


ky’ =k +ko'LQ] exp(—AE*/RT) 
and 


ko= ko exp(—AE*/RT). 


These predictions can be tested by plotting &,’ against 
ko’, for a series of measurements, made with the same 
solution but at a number of different temperatures. 
Such plots are shown on Figs. 2-4. With one exception 
which will be discussed later, the data fit straight lines, 
intercepting the k,’ axis above the origin. The slopes, 
kQ°LO |/k2°, of the lines should depend upon the con- 

















Fic. 6. Dependence of hi’ and of (hi’—k:°) on temperature for 
anthracene in glycerol. O ki’ @ hi’-ki°. 
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Compound sec~ ( 


Anthracene 
Dibenzanthracene 


Dibenzanthracene 


4X10" 
.3X10" "2.2 Absorption 


.5X10" 12.4 Phosphorescence 
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et in glycerol. 


1 
sec”) (kcal/mole) Measurement 





12.4 Absorption 


centrations of the inhibitors present. This prediction is 
confirmed by the marked increase in slope which accom- 
panies the addition of the quencher* CuCl, to tetra- 
hydrofuran solutions and by the unusually small slope 
which was obtained when highly purified hexane was 
the solvent (Fig. 2). 

It is apparent that, although the values of &,° cannot 
be obtained precisely, the intercept is greater than 
zero and the data are consistent with the postulate that 
k,° has a unique, temperature-independent value for a 
given solvent and hydrocarbon. The uncertainty in 
the values of k,° is probably about +30%. 

Since both k,’ and ky were measured as functions of 
temperature, these data can be used to determine the 
corresponding energies of activation. Figure 5 is a plot, 
for anthracene in hexane, of logke and of log(ki’— 1°) 
against the reciprocal of absolute temperature. The 
data exhibit considerable scatter, but they all are con- 
sistent with a value of 1.9 kcals for the energy of activa- 
tion. Values of —logn (normalized to logk, at T7'= 
3.4X107*) are also plotted on this figure. These values,° 
for the limited range of temperature for which they are 
available, are likewise consistent with an energy of 
activation of 1.9 kcal. These data and the corresponding 
values for anthracene and dibenzanthracene in tetra- 
hydrofuran are summarized in Table I. The effect of 
temperature upon the viscosity of tetrahydrofuran has 
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Fic. 7. Dependence of ki’ and of (:’-ki°) on temperature for 
dibenzanthracene in glycerol. Phosphorescence measurements: 
A hy’; & k;'-k,°. Absorption measurements: O ki’; @ hi’-k:°. 


5 Handbook of Chemistry and Physics (Chemical Rubber Pub- 
lishing Company, 1959), 41st ed., p. 2185. 


not been measured. The small solubility of dibenzanth- 
racene in hexane prevented us from studying this 
system. The absolute value of ,” for dibenzanthracene 
could not be determined, since the extinction coefficient 
of its triplet has not been measured. The values of 
kQ’LQ] vary with the purity of the solvent. The ap- 
parent uncertainty of the values for AE* is +15% and 
for ky? is +30%. 

The curvature of the plot of (Ai’+keuci. CuCl: }) vs 
ko (Fig. 4) for dibenzanthracene in tetrahydrofuran, 
indicates that the quenching by CuCl: has an energy 
of activation appreciably greater than 1.9 kcal. As- 
suming that 
Reuciel CuCle |= ki’ -80—10° exp(—2000/RT) sec 


, 


we obtained AE*ouc1.<¢4.0 kcal. In contrast to this, 
AE‘cuci, for anthracene in tetrahydrofuran is about 
1.9 kcal. Since we did not determine [CuCl:] in our 
experiments, we are unable to evaluate kcuci,’. For 
anthracene in tetrahydrofuran, we can estimate the 
preexpotential factor by combining our value for 
AEcuci,* with Linschitz and Pekkarinen’s value of 
3.2 108m— sec! for the bimolecular rate constant of 
25°C. The resulting value is kouci?=1X 10m sec. 

The first-order rate constants, determined from 
measurements of the decay of phosphorescence in rigid 
media at liquid nitrogen temperatures, are reported 
as 0.678 and 0.71? sec~ for dibenzanthracene and > 10 
for anthracene.” McGlynn et al.§ calculate a value of 
11 sec"! for anthracene from integrated absorption 
measurements. Since these quantities are definitely 
smaller than our extrapolated values for k,°, it follows 
that the unimolecular decay is faster in fluid solvents 
than in rigid media at low temperatures. Phosphores- 
cence is not commonly observed in nonviscous solu- 
tions; therefore, the process whose rate increases with 
increasing temperature or decreasing viscosity is non- 
radiative. In an effort to obtain more definite informa- 
tion in regard to these modes of decay of the triplet, 
we studied anthracene and dibenzanthracene in glyc- 
erol at temperatures ranging from 30 to —70°C. The 
rate of disappearance of the triplet-triplet absorption 
was measured for both substances. For dibenzanthra- 
cene, the rate of decay of phosphorescence was also 
measured. 


®D. McClure, J. Chem. Phys. 17, 905 (1949). 

7D. Craig and I. Ross, J. Chem. Soc. 1954, 1589. 

8S. P. McGlynn, M. Padhye and M. Kasha, J. Chem. Phys. 
23, 593 (1955). 
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Under these conditions, no second-order component 
of the decay was detectable. At 25°C, the first-order 
rate constants.were approximately 240 sec! for anthra- 
cene and 25 sec”! for dibenzanthracene. The rates de- 
crease rapidly with decreasing temperature, becoming 
practically constant at —25°C. The data fit an equa- 
tion of the following form, as is illustrated in Figs. 6 
and 7: 


koi= ka +ka” exp(—AE*/RT). 


The results of these measurements and calculations 
are summarized in Table II. 

There is a smal] but systematic difference in the rate 
of decay as measured by phosphorescence intensity 
and by changing absorption, which must be an artifact 
of the methods of measurement. The only apparent 
differences in the conditions are that the first few milli- 
seconds are excluded in the phosphorescence measure- 
ments and that the solution was continuously ex- 
posed to the scanning light during the absorption 
measurements. 

DISCUSSION 

The rate of the first-order disappearance of the triplet 
states of polyatomic molecules, as measured in fluid 
solvents by the flashphotolytic technic, is dominated 
by a bimolecular reaction between the triplet and traces 
of impurities, present in the purest solvents. Extrapola- 


LIVINGSTON 


tion of the results of measurements, made at tempera- 
tures ranging from 30° to —70°C, yields first-order rate 
constants for the spontaneous decay of the anthracene 
triplet in hexane and tetrahydrofuran of 160 and 110 
sec!, respectively. The lowest (published) values 
which were obtained by direct measurement at 25°C 
are 340 and 265 sec~!. If the adventitious quencher, 
which is responsible for this relatively fast rate, were 
as efficient as molecular oxygen, its concentration 
could be as low as 5X10-°m (i.e., about 2 10-79%) ; 
well below the limits detectable by the most sensitive 
analytical methods. 

The present, incomplete data suggest that the uni- 
molecular rate constant depends upon, but is not a 
simple function of, viscosity. From 0.3 to 500(?) centi- 
poise the rate appears to be sensibly independent of 
viscosity, but decreases with further increase in vis- 
cosity, reaching a lower limit at approximately 3X 10° 
centipoise (glycerol at —25°C). The energy of activa- 
tion for this first-order rate constant is 12.3 kcal. Pub- 
lished values of the viscosity of glycerol correspond to 
an energy of activation of 19.8 kcal between —4° and 
—42°C and of 17.4 kcal between 30° and 0°C. The 
difference, between either of these values and 12.3 
kcal, is almost certainly greater than can be attributed 
to random errors of measurement. A further experi- 
mental study of these phenomena is in progress. 
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The polarized infrared absorption spectrum of single crystals of Am*#(5/*) in LaCl; has been studied from 
0.79 to 16.0 u. In almost every instance the spectrum is sharp and completely polarized, and appears in 
definite groupings. Transitions from the ground level, 7/0, to excited levels of the ground term, 7/\, 7/2, 
7F3, 7Fs, 7Fs, and 7F¢ have been observed. For the particular point symmetry C;, that is consistent with 
experiment, magnetic-dipole transitions are observed from the 7/*y level to the 7/; level, and forced electric- 


dipole transitions are observed to levels J =2, 3, 4, 5, and 6. 
A theoretical analysis is presented for the crystal-field split 7F y levels. Using four parameters—A, (r?) = 


206 cm", 
obtained between theory and experiment. 


INTRODUCTION 
N recent years several successful analyses of the 
absorption spectra of certain actinide (5f*) ions 

have been reported.'~* Nevertheless, complete inter- 

* This work was done under the auspices of the U. S. Atomic 
Energy Commission. 

+ Address after July 1, 1961: Institut fiir technische Physik, 
der Technischen Hochschule, Darmstadt, Germany. 

1G. L. Goodman and M. Fred, J. Chem. Phys. 30, 849 (1959). 

2 J. C. Eisenstein and M. H. L. Pryce, Proc. Roy. Soc. (Lon- 
don) A255, 181 (1960). 

3J. D. Axe, “The electronic structure of octahedrally co- 
ordinated protactinium (IV),” (thesis), Lawrence Radiation 
Laboratory Report UCRL-9293, July 1960. 


4,9 (r= —94.1 cm, Ag? (r®)= —93.8 cm™, and A,gé(r®)=1100 cm™ 


excellent agreement is 


pretation of optical spectra so far has been limited to 
actinide ions having the rather simple electronic con- 
figuration of filled electron shells plus a single 5f elec- 
tron. This is understandable in view of the complexity 
of the spectra of higher f* configurations. However, the 
rather formidable task of interpreting such complex 
spectra can be approached by studying the optical and 
magnetic properties of the low-lying states, since the 
ground-state terms of most of the 5/" configurations 
are reasonably isolated. This is particularly true for 
Am**(5f°), where the ground-state term, 7F is sepa- 





INFRARED SPECTRUM 
rated from the nearest quintet terms by some thousands 
of wave numbers.‘ 

In most cases the infrared absorption spectrum re- 
ported here is sharp and completely polarized. Like- 
wise, Zeeman broadening can be observed for three of 
the groupings in the near infrared. While no absorption 
peaks are found between 16.0 and 4.82 yu, definite 
groupings are observed at 2115, 4000, 5300, 9505, 
12 150, and 12 400 cm™. Each of these energy values 
corresponds to the center of gravity of the observed 
grouping. 

The spin-orbit interaction splits the Am**(5/°*) 
ground-state term into seven levels 7Fy, where J=0, 
1, 2, 3, 4, 5, and 6. Because of the crystal field produced 
at the Am** site in LaCls, the (2/-+-1)-fold degeneracy 
of a level is partially lifted, and the number and de- 
generacy of the crystal-field-split components depend 
on the point symmetry at the Am** cation site. From 
experimental considerations pointed out later in this 
paper, it is concluded that the Am**is probably situated 
in a Cy, site, where the nine nearest chloride neighbors 
(ligands) are separated from the cation in the manner 
shown in Fig. 1. Once the point symmetry is assumed, 
the corresponding selection rules will aid us in establish- 
ing the multipolarity of allowed transitions.*® For 
Am** in a Cy, site, forced electric dipole transitions are 
allowed from the ground level 7Fo, uo, to excited crystal- 
field-split sublevels uw 42, and ys of J levels greater than 
one.* Magnetic dipole transitions are allowed to the 
sublevels 41, and yo of the J=1 level. Transitions that 
appear both in the o transverse and axial spectrum are 
forced electric dipole transitions, while those appearing 
in the w transverse and axial are magnetic dipole 
transitions.*~® 

Thus, from the observed polarized absorption spec- 
trum alone one should be able to identify uniquely 
J=1, 2, and 3, and larger J levels only indicatively.* 


Fic. 1. The Amt? 
cation site in single 
crystals of AmC};- 
LaCh. 


‘J. B. Gruber, “An analysis of the absorption spectra of Tm 
IV and Am IV,” (thesis), Lawrence Radiation Laboratory Re- 
port UCRL-9203, January 1961. 

5E. V. Sayre, K. M. Sancier, and S. Freed, J. Chem. Phys. 
23, 2060 (1955). 

6 EF. V. Sayre and S. Freed, J. Chem. Phys. 24, 1211 (1956). 
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Relative intensity 

















Wave length (4) 


Fic. 2. The absorption spectrum of the ‘F; level. On the left, 
the unpolarized spectrum is given, and on the right, the o and 
polarizations appear. Wave-length measurements are in mi- 
crons, yw. 


However, when several J levels are close together, it is 
difficult to ascertain which components belong to a 
particular level. In this case, the crystal-field theory 
may be employed to obtain a theoretical spectrum 
that the experimentalist may compare with the ob- 
served spectrum. In this way, one obtains not only a 
parent J-level assignment, but also some indication of 
what order of magnitude the field-free level is split by 
the crystal field. 


PREPARATION OF SINGLE CRYSTALS OF AmCl;—LaCl; 


Single crystals of AmCl;-LaCl; containing 0.1 to 
10% by weight Am** (americium-241, half life=458 
yr) were prepared in the following manner. A known 
quantity of spectroscopically pure Am** in 2.0 M 
HCl was added to a quartz sublimation tube. The solu- 
tion was slowly evaporated on a vacuum line, and 
anhydrous AmC]; was prepared by heating the hydrate 
slowly in the presence of dry HCl. After the tube was 
flushed repeatedly with dry argon, a known quantity 
of spectroscopically pure anhydrous LaCl; was added. 
The mixture was then thoroughly degassed and melted 
to form a solution. The sublimation and single-crystal- 
growing techniques employed were quite similar to those 
reported by Sayre, Sancier, and Freed,’ and Gruen, 
Conway, and McLaughlin.’ Because of the intense 
radioactivity of americium-241, as well as the hygro- 
scopic nature of anhydrous LaCl;, the crystal had to be 
mounted in a dry-nitrogen-atmosphere glove box suit- 
ably prepared for radioactive work. 

In order to determine whether the AmCl;-LaCls 
mixed-crystal system preserved C3, symmetry about 
the cation sites, anhydrous PrCl; was added to the 
mixture before the single crystals were grown. When 
the absorption spectrum of the single crystal was taken, 


7D. M. Gruen, J. G. Conway, and R. D. McLaughlin, J. Chem, 
Phys. 25, 1102 (1956). 
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Am13(5/*) in I 


4aCls. 
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J-level 
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§ 200 
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2074 
2197 
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200 
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5307 
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9282 
9535 
9545 
9867 
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8060 
8055 
7956 
7050 
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25: 
275 
307 
404 
411 
566 
575 
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® Linewidth 3 to 5 A. 
> Linewidth 1 to 3 A. 
© Linewidth 5 to 10 A: unresolved band structure 


the Pr** lines were found to have the same polarization 
and energy positions as reported by Sayre, Sancier, 
and Freed.® We conclude, therefore, that the symmetry 
about the Pr** ion is similar to that reported earlier, 
and that the symmetry about the americium ions also 
very probably is Cy,. In addition, the observed polari- 
zation spectrum of Am** in LaCl; is consistent with the 
selection rules for C3. 


SPECTROGRAPHIC EQUIPMENT 


The absorption spectrum of single crystals was 
studied with a Jarrel-Ash Wadsworth-mount 3.4-m 
spectrograph. Two gratings were used in the instrument 
—one with 7500 lines per in. and another with 15 000 
lines per in. In the first order, the reciprocal linear dis- 
persion was 10.1 A/mm and 5.3 A/mm, respectively. 
Crystals were maintained at selected temperatures of 
77°K (liquid nitrogen) and 4°K (liquid helium) in 
quartz and Pyrex Dewars. No appreciable sharpening 
of the spectrum was observed at the lower temperature. 

Light sources included an air-cooled high-pressure 
mercury lamp (BH6), and a 100-watt tungsten lamp. 
The two types of polarizers employed were a Nicol and 
a Wollaston. Iron and mercury lines served as wave- 
length references, and the photographic plates were 
measured on a precision screw-type comparator. 

The solution spectrum of Am** in 0.2M DCl, D0 was 
studied on a Cary model 14 spectrophotometer which 
was calibrated at the factory with an AH4 Hg arc. 
Infrared spectra were observed with a Beckman IR-5 
infrared spectrophotometer and a Perkin-Elmer model 
112-U spectrometer. 


+1 Magnetic-dipole transitions to this level 
0 from 7F. 
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Electric-dipole transition. Position of this 
level is somewhat uncertain. 
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Electric-dipole transitions. This grouping 
was observed in the photographic region 
of the infrared. 
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Electric-dipole transitions. Several lines are 
rather broad; however, complete polari- 
zation was observed. 
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Polarized Absorption Spectrum of ‘F,; Levels 


No absorption peaks are observed from 16.0 to 
4.82 u. The grouping observed furthest in the infrared 
consists of two absorption peaks at 2074 and 2197 
cm~'. These two peaks (see Fig. 2 and Table I) 
have a completely polarized transverse and axial 
spectrum which indicates magnetic-dipole transitions 
from the ground level 7/9 to the sublevels wo and py: 
associated with the 7F, level. Since the absorption 
spectrum appears in a region where quartz absorbs, 
the AmCl;-LaCl; crystals were enclosed in a holder 
having AgCl windows. 

Although the center of gravity of this level (2115 
cm) has been confirmed by the author’s unpublished 
fluorescence spectrum of Am** in LaCl;, there is addi- 
tional experimental evidence that the 7F; level should 
be this far removed from the ground level, 7/9. Studies 
of the hyperfine-structure and Zeeman effect on the 
spectra of (Pu I) have resulted in the derivation of 
three levels of the 7F term.’ Bovey and Gerstenkorn 
suggest this term arises from the ground-state con- 
figuration 5f*7s?, and that these levels are at 0.0 cm™ 
(7Fo), 2203.6 cm™ (7F,), and 4299.6 cm™ (7F2). For 
(Pu IL), having a ground configuration of 5f*7s, Judd 
has obtained values of (7Fo), 0.0 cm™ (7F;), 2110 
cm™!, and (7F2), 4280 cm™ by removing the contribu- 
tion of the 7s electron to the 5f/* configuration.’.” 


8 L. Bovey and S. Gerstenkorn, J. Opt. Soc. Am. 51, 522 (1961). 

9J. R. McNally, Jr., and P. M. Griffin, J. Opt. Soc. Am. 49, 
162 (1959). 

1B. R. Judd, Lawrence Radiation Laboratory, Berkeley (pri- 
vate communication). 
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Fic. 3. The polarized absorption spectrum of the 7F; level 
taken at 77°K. On the left, one o polarized peak is observed at 
1.884 u, and on the right, two w polarized peaks appear at 1.873 u 
and 1.920 u. 


Since forced electric-dipole transitions are allowed 
to one of the three crystal-field split sublevels of 7F2, 
the center of gravity for this level cannot be obtained 
from the absorption spectrum alone. A sharp peak, 
appearing both in the o transverse and axial spectrum 
at 3970 cm“, has the proper polarization indicative of a 
transition to a single wy» sublevel. Transitions to other 
components of the 7F: level observed in the fluorescence 
spectrum of Am** in LaCl; indicate that the center of 
gravity of the 7F, level is approximately 4000 cm™ 
above 7/o. Although this level appears to be some 260 
cm™ lower in energy than the corresponding level in 
(Pu I) 5/°7s? and (Pu IT) 5f*7s, the complexity of inter- 
mediate coupling for Am**® (5f*) may provide some 
explanation for this difference. 

Forced electric-dipole transitions are observed from 
the ground level to three of the sublevels comprising 
the *F; level. In Fig. 3, the polarized absorption spec- 
trum indicates that peaks at 5208 cm™ and 5340 cm™! 
are r polarized, and the peak at 5307 cm is ¢ polarized. 
This same J level is also observed when several milli- 
grams of anhydrous AmCl; are dissolved in a 0.2M 
DCI, D,O solution and the spectrum taken between 
1.0 and 2.3 w on a Cary 14 spectrophotometer. When 
the blank is subtracted from the Amt** spectrum, a 
peak and a shoulder are observed near 5380 cm™. 


Taste II. Reduced matrix elements for the ground multiplet, 
TFs, of Am*3(5/*). 


Level 


(JilallJ> (Jelly) (J lly ily) 





"Fo 0 0 

Thy —1/5 0 

— 11/315 

PB; —1/135 
Fy 1/385 
Fs 1/135 
1/99 


—2/189 

1/33+45 
23/15+33+77 

2/99+105 189-429 


—2/11-15-99 


1/11-189-429 








Calculated cm Observed cm! 


2197 








(2074) 
7 


F 


(4116) 


(3975) 
(3970) t2 








— 3970 


Fic. 4. The 7F; and 7/2 levels of Am** in LaCl;. On the left, 
the theoretical splitting may be compared with the observed 
energy-level scheme given on the right. Here uw is the crystal 
quantum number. The units of energy are cm™!. 
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The 7F4, 7F;, and 7F¢5 levels may be studied in the 
photographic region of the infrared. Four polarized 
lines (20 and 27) are observed near 9600 cm™!, and as 
and as few as eight lines are observed between 12 100 
and 12600 cm (see Table I). Since selection rules 


# Calculated cm # Observed 


= (5355) 
7 (5338) 


+2 ‘ (5310) 


(5238) 





(5201) 
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Fa 


(9870) 
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(9576 
(9543) 
(9535) 





+2 -223.5 (9282) +2 9282 


Fic. 5. The 7F; and 7F, levels of Am** in LaCls. On the left, + 
the theoretical splitting may be compared with the observed 


energy-level scheme given on the right. Here u is the crystal 
quantum number. The units of energy are cm7). 
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TABLE III. Matrix elements between the 7F; and 7F¢ levels. 











Matrix element Expression®:> 


Fs, 5) 5(11)4Ax (r2) (6 || 6 |] S)+360(11)94.° (r*) (6 |] 6 || 5)-+7560(11)4 AG (r*) 6 |] B || 5) 
4(20)4A2°(r?) (6 || 62 || 5)+ 36(20)44 9° (r*) (6 || 4 || 5) —7560(20)4A6° (r®) (6 || O || 5) 
3(27)9A. (72) (6 || 62 |] 5) —120(27) 4A, (r+) (6 |] 84 || 5) —2529(27)4A? (r*) (6 || 06 || 5) 
2(32)4As"(r2) (6 || 6. || 5)—150(32)4A° (r*) (6 || 4 |] 5)-+3780(32)4A.9(r®) (6 || Oe || 5) 
(35)4As°(r?) (6 || 2 |] 5)— 96(35)9A 9 (r*) (6 |] Os |] 5)+4320(35) 446° (r®) (6 || 6 || 5 

0 

~1/14(42+ (10) !)446 || 66 || 5) 

—1/14(1680- (9) !)4(6 || O | 

— 1/14(3360- (9) !)4(6 || 6 |] 5) A6® (r6 

—1/14(420+ (10) !)4(6 || 86 || 5) Aer) 

~ 1/14 (30+ (11) 1446 |] 6 |) 5) Aah (r®) 

~1/14( (12) 446 |] 6 || 5 


A,§(r*) 


 (r2)=206 cm=!, Ag®(r4)=—94.1 cm™!, Ae9(r®)=—93.8 cm™!, Aci (r®)=1100 cm™. 


> 6 || Os || 5)=—1/15(11)4, © || Os |! 5)=1/3-99(11) 4, 6 || Oe 
for Cy, alone cannot help us to decide between a J=4, 
5, or 6, the designation given in Table I is based on the 
following crystal-field splitting calculations. 


Crystal-Field Splitting of the “F, Levels 


The crystal-field splittings of 7/1, 7F2, 7F3, and 7F, 
levels are on the order of several hundred wave num- 
bers, whereas the energy separation between the levels 
are several thousand wave numbers. Thus we can con- 
sider states labeled by the quantum numbers LSJ J,, 
and use perturbation theory to find the effect of V. The 
matrix elements of V between state AJ=0 have been 
tabulated by Stevens,'! and Elliott and Stevens.” For 
Amt+*, the reduced matrix elements (J || a/| J), 
(J \| B\| J), and (J || y|| J) have been evaluated for 
all levels of the ground multiplet (see Table IT). As in 
the case of Eut*, the breakdown of Russell-Saunders 
coupling will depress the centers of gravity of the J 
levels by large amounts without seriously altering their 
splittings.“ Since we are concerned only with the 
crystal-field splitting, the centers of gravity will be 
treated as adjustable parameters. 

The set of parameters that best accounts for all the 
7Fy experimental data is A.°(r?)=206 cm™, A,’ (r*)= 
—94.1 cm, A”(r®)=—93.8 cm, and A¢o(r®)= 
1100 cm™!. The selection of A2°(r?) was based on the 
experimentally observed separation of the two crystal- 
field sublevels, wo and p41, of the 7F; level. The Ag®(r*) 
parameter was taken from the experimental separation 
of the two us components of the 7F3 level. The A,4°(r*) 
and A,’ (r*>) parameters were selected to give the proper 


LK. W.. 

1952). 

2R, J. Elliott and K. W. H. Stevens, Proc. Roy. Soc. (Lon- 
don) A218, 553 (1953). 

3B. R. Judd, Mol. Phys. 2, 407 (1959). 


Stevens, Proc. Phys. Soc. (London) A65, 209 


5 )=—1/99-9-13(11) 4 


energy separation between the +2 and 3 sublevels of 
the 7F; multiplet. In Figs. 4 and 5 we compare the 
theoretical splitting (on the left) with the observed 
energy spectrum (on the right). 


Crystal-Field Splitting of the 7F; and ’F, Levels 


Since more absorption lines are observed between 
0.79 and 0.82 yw than correspond to transitions to a 
single level, we may conclude that two levels, the 7F; 
and ‘F¢, are separated by only several hundred wave 
numbers. While some of the observed lines may be 
vibrational satellites, the eight absorption lines selected 
were in most cases reasonably sharp and isolated. 
Three absorption lines—8144 Az, 8123 Ao, and 8060 
Ao—are rather broad but clearly polarized; we may 
attribute the band-like structure to unresolved vibra- 
tional satellites to the blue of the electronic transitions. 

In the crystal-field splitting calculations presented 
so far, the states are assumed to be eigenstates oi L, 
S, and J. However, there are several important effects 
that may cause deviations from this simple model. 
We have mentioned one of these effects as the break- 
down of Russell-Saunders coupling in which levels 
with the same J will admix. Also, various components 
of the crystal field will admix certain states with the 
same S. However, a far more serious effect in the 
Am** ground term is the interaction between the crys- 
tal-field components of the 7Fs and ‘F¢. Since the 
proximity of the two levels can perturb the crystal- 
field components by many tens of wave numbers, we 
must calculate matrix elements of the form 


(J+k, Jatm| Va"| J, J:). (1) 
For matrix elements between 7/5 and 7Fs, k=1, J+k= 
6, and V,” refers to the particular spherical harmonic 
which transforms like T,*. 
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We may apply the general rare earth (4/") theory 
presented by Judd" to the problem of Am** (5/®) in 
the following way. Since many of the matrix elements 
have similar forms, we can conveniently define ¢, 4° 
(J, J.) for m=0 by 
(J+k, Jz| Vi°| J, Js) =An(r™)(T+R || On || J) 


(J+J.+k) '(J—J.+k)!}! 
sone (J, Js) ¥ = cha hs ! (2) 
Fed NI FY 

and ¢6.°(J, Jz) for m=6 by 
(J+k, Jz+6| Vib] J, J) = Asien) (J+R || On || J 
| ‘ 
as es (3) 
(J—J,+k—6)!(J+J,)! 
To find (J+k, J,—m|V,»™\ J, J.), we simply multiply 
the value of (J+k, m—J,| V,™| J, Jz) by the phase 
factor (—1)™**. Since we have k=1 and m=0 or 6 in 
this problem, we find the phase factor will always be 
(—1). For the 7/5 and 7F¢ levels, explicit expressions 
for dnw™(J, Jz) are 

$2,1°(5, Jz) = J:, 

$4.1°(5, Js) — JI,7I2— 103), 


“hn 4 *( LE 1] 


oe.1°(5, Je) = J2(33J.4—975 J,2+5262), 
and 
o6.1°(5, Fy) a rr. 


The reduced matrix elements (6 || 6, , 5) associated 
with 7F; and 7F, have been evaluated by Elliott and 
Steven” for Tb**, 4°. The Am** reduced matrix ele- 
ments between the 7F; and 7/5 will be the same except 
for a change in sign because of the orthonormality of 
the states (that is, the Am** /® shell is less than half 
filled, while the Tb** shell is more than half filled). 
Thus the reduced matrix elements for Am** are 
(6 || 2 || 5)= —1/(15/11), (6 || 04 ||5)=1/ (3994/11) 
and (6 ||65 || 5) =—1/(99-9-13V/11). 

Matrix elements of the form (*Fs, +J.| V,°|7Fe, 
+J,), and (Fs, +J,| Vn°| "Fs, +J:), have been 
evaluated by Elliott and Stevens.” Similarly, the ele- 
ments (7F6, 3| Ve°| 7Fe, —3), (7Fe, 4| Ve&| 7Fs, —2), 
(7Fe, 5| VeF| Fe, —1), (7Fe, 6| Veo] 7Fe, 0), and 
(7Fs, 3| Veb| Fs, —3), (7Fs, 4| Vel "Fs, —2), (7Fs, 
5| Ve] 7Fs, —1) have been tabulated by the same 
authors.” In Table III we give the additional matrix 
elements needed to solve our problem. It should be 
pointed out that (7F.5, —J,| V.,°| 7Fs, —J-) is equal 
to (7Fe, Jz| V.°|7Fs, Jz) since the phase factor 
(—1)™**=—1 is canceled by the negative sign of 
gni°(5, —J.). The crystal-field parameters A,,°(r") 
and A¢°(r°) have the same values as those mentioned 
earlier. 

The total crystal-field splitting matrix between the 
7Fs and 7F¢ levels is 24 by 24. By a simple interchange 


4B. R. Judd, Proc. Roy. Soc. (London) A227, 552 (1955). 
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"Fs and %, 


Calculated Observed 


First order Secondorder cm' cm! “ cmt 





230 
200 


(12,578) 
(12,572) 


(12,417) 
(12,406) 


ae 
P—— 12,404 


p——— 12,307 
(12,298) ‘ 


(12,276) 
(12,248) 


(2,275 
) —— 12,253 


(12,108) pms (2 1235 
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-432 


Fic. 6. The 7F; and 7F¢ levels. On the left (first-order perturba- 
tion), the theoretical splitting is given in which similar crystal- 
field components of the neighboring level are ignored. In the 
center (second-order perturbation), the effect of the crystal-field 
components of the neighboring level is taken into account. The 
field-free J =5 and 6 levels are assumed to be separated by several 
hundred wave numbers. These theoretical values may be com- 
pared directly with the observed energy-level scheme given on 
the right. Here yw’ refers to the parent crystal-field components of 
the 7/5 level, while « refers to the parent components of the 7/5 
level. 


of rows and columns, we may reduce this matrix to 
six 4-by-4 matrices. When the six secular determinants 
are formed, we find two pairs of determinants that 
yield similar eigenvalues. This is because of eight 
doubly degenerate energy levels (four wy: and four 
M41 crystal-field sublevels of the 7/5 and 7Fs). The re- 
maining two 4-by-4 determinants give eight unique 
eigenvalues (four eigenvalues for us and four for po). 
The calculated eigenvalues as well as the observed 
energy-level scheme are given in Fig. 6. On the left we 
give the calculated crystal-field splitting in which the 
nearby J level is ignored. In the center we give the 
results of our present calculation, in which we consider 
the crystal-field components of one level interacting 
with those of the nearby level some 200 cm™! away. In 
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many cases the components are pushed either to the 
ultraviolet or infrared of their first-order position by 
as much as 80 cm™!. 

It is gratifying that four crystal-field parameters can 
correlate so well all the energy positions of the 7Fy 
levels. However, it should be pointed out that A,”(r") 
is also the repository for errors due to neglect of con- 
figuration interaction and intermediate-coupling effects. 
Since these become increasingly important as we con- 
sider different J manifolds of higher energy, we should 
not expect the parameters to be quite the same for the 
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ultraviolet groups as for the infrared group (7F,). 
However, intermediate field corrections to the reduced 
matrix elements, as well as reduced matrix elements 
between J and J-+1 levels in the visible and ultra- 
violet, will provide suitable theoretical machinery for a 
crystal-field splitting analysis of the visible and ultra- 
violet spectrum of Amt? in LaCls. 
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Electron Spin Resonance Study of Radiation Damage in Single Crystals 
of Urea Compounds 
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Single crystals of urea compounds were examined by 3-cm electron spin resonance techniques after x and 
y irradiation. All experiments were conducted at room temperature. No resonances were observed in urea 
and thiourea. This is interpreted to indicate that the lifetimes of any resulting unstable species must be 
less than 30 min. at room temperature. However, methylurea and ethylurea showed strong, highly stable 
spectra centered at g™2.00. Analyses of these spectra suggest that the trapped radicals 


H H H O 


H—C—C—N—C 


NH: H NH, 


are formed from methylurea and ethylurea, respectively, by the loss of a hydrogen atom. 

In both cases all radicals in the unit cell were considered to be magnetically equivalent. Calculated hyper 
fine intervals agree favorably with those observed. The spin density of the unpaired electron at the ad- 
jacent N—H group is believed less than 0.002, since the only apparent effect of this group was a broaden- 
ing of the hyperfine lines. 

In methylurea the -C—He2 group was found to have an H—C—H angle of 117°. The principal com- 
ponents of the diagonal electron-nuclear coupling dyadic were 10, 22, and 32 gauss. In ethylurea the -C—H 
bond was observed to lie along a crystallographic axis. The principal components were 10, 21, and 24 gauss. 
In this case the isotropic coupling constant was 18 gauss. 





INTRODUCTION acetone solution. The crystals were exposed to x-ir- 
radiation at 40 kv and 4 ma for 15 to 20 hr, at a dis- 
tance of 5 cm from the target. y irradiation from a 
Co® source was also employed, the rate being 0.53 
mega r/hr and the dose, 4.9X10’r. All irradiations and 
observations were made at room temperature. The 
ESR spectrometer was a conventional reflection 
cavity-type instrument operated in the X-band region. 
The resonance magnetic fields of the spectral lines were 
determined with a proton magnetometer. All spectra 
were observed in the vicinity of g~2.00. The crystals 
which were attached to a rotatable Teflon post with 
silicone grease, were placed in a cylindrical microwave 
cavity. The error in the measurement of the rotation 
about an axis perpendicular to the magnetic field did 
not exceed +5°. 


HE electron spin resonance (ESR) method has 

been applied to the study of radiation damage in 
the biologically significant urea compounds. Since more 
specific information may be obtained from the ESR 
study of radiation damage to single crystals than to the 
polycrystalline form, single crystals of urea, thiourea, 
methylurea, and ethylurea were examined. 


EXPERIMENTAL METHOD 


Crystals, approximately 5 mm on a side, were grown 
from saturated aqueous solutions by slow evaporation. 
Ethylurea crystals were also grown from saturated 

* Present address: Department of Physics, Clark University, 
Worcester 10, Massachusetts. 





RADIATION DAMAGE 


METHYL UREA _ 
4 LINES OF INTENSITY 
RATIO bed 
U, *77Wc, Up =46mc 
{ 


4 LINES OF INTENSIT 
RATIO bh 3 LINES OF INTENSITY 


Bere cme (88, Be 
\ 2 axts L ee 

s 100, 
\s. 0} on 


010] 


SLINES OF [ts 
INTENSITY > 


\ 

' 
Lv 
‘aie 

1 


a 


RATIO H2+1 A ; 
U, *Ups49mc~ [P7190 sieiaile 
' 4 LINES OF INTENSITY 


| 
! 
i RATIO. bbb 

U; #44 Mc, Up 75Mc 
1 











X 


Y AXIS 


Fic. 1. Diagram of the orthorhombic crystal of methylurea. 
The number, relative intensity, and splittings of hyperfine com- 
ponents are shown for the magnetic field along the axis indicated. 


RESULTS 


Urea and Thiourea 
Exposure of single crystals of these materials to both 
x and y rays resulted in no detectable radical species. 
Since the energy of the y photon was more than suffi- 
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Fic. 2. Electron spin resonance spectra of an «x-irradiated 
single crystal of methylurea, with the_external magnetic field 
along the [001], [110], [110] axes. 
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Fic. 3. For rotation of the urea single crystal about the [001] 
axis, the observed spectral patterns were essentially orientation 
independent when the angle between the [110] axis and the 
applied magnetic field was 20° to 70° and 120° to 140°. 


cient to break bonds or produce ionization, it must be 
concluded that the lifetimes of any unstable species at 
room temperature must be less than 30 min (the time 
for transfer from the radiation source to the spec- 
trometer). (Simultaneous x irradiation and ESR ob- 
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Fic. 4. Variation 
of the hyperfine 
splitting in an x ir- 
radiated single crys- 
tal of methylurea. 
The applied mag- 
netic field was in the 
(001) plane and its 
angle was measured 
with reference to the 
[110] direction. The 
spectral variation is 
shown for the two 
pairs of hyperfine 
20". components. 
io 
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servation experiments are now being arranged at 
various temperatures. ) 


Methylurea 


This crystal is orthorhombic! and the unit cell con- 
tains four molecules. Observations were taken at 10° 
intervals about each of the three orthorhombic axes 
which were chosen as shown in Fig. 1. The angle be- 


Fic. 5. Similar to 
Fig. 4, except that 
the applied magnetic 
field was in the (110) 
plane. 


(a) P. Groth, Chemische Krystallographie (Verlag Von 
Wilhelm Engelmann, Leipzig, 1910), p. 550; (b) R. W. G. 
Wyckoff, Crystal Structure (Interscience Publishers, Inc., New 


York, 1960), Vol. IV. 
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Fic. 6. Diagram of the monoclinic crystal of ethylurea. The 
number and relative intensities of the hyperfine structure com- 
ponents are shown for the magnetic field along the axes indicated. 


tween [110] and [110] is 89°27’, but within the ac- 
curacy of the apparatus this was taken as 90°. With 
reference to Fig. 1, when the [001] and [110] axes 
were oriented perpendicular to the magnetic field, the 
spectrum observed upon rotation about either of these 
axes consisted of four lines of equal intensity which for 
certain orientations coalesced into three lines of in- 
tensity ratio 1:2:1. Upon rotation about the [110] 
axis which was perpendicular to the magnetic field, 
there appeared a spectrum consisting of three main 
lines with generally unresolved structure (except 
when the magnetic field was parallel to the [001] 
or [110] axes). With the magnetic field along the 
[001], [110], [110] axes, the spectrum consisted of 
four lines of equal intensity as shown in Fig. 2. Rota- 
tion about the [001] axis, that is with the magnetic 
field in the (001) plane, produced 3 lines of intensity 
ratio 1:2:1 when the angle between the [110] axis and 
the magnetic field was 20° to 70° and 120° to 140°. 
Some of these spectra are shown in Fig. 3. With the 
magnetic field in the (001) and (110) planes, the ob- 
served variations in the hyperfine splittings are plotted 
in Figs. 4 and 5, respectively. 


Ethylurea 


This crystal is monoclinic. Its structure is unknown. 
The assigned axis labeling is shown in Fig. 6. With the 
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Fic. 7. Electron spin resonance spectra of an x irradiated single 
crystal of ethylurea. The magnetic field was in the ac-plane of 
Fig. 6. 
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Fic. 8. Projections of the —C—Hez end group of the radical 
postulated in methylurea. (a) The xz-plane projection is that 
observed with the magnetic field in the (001) plane. (b) The 
xy-plane projection is that for the magnetic field in the (110) 
plane. 


magnetic field parallel to the a axis, the spectrum con- 
sisted of eight lines of intensity ratio 1:1:3:3:3:3:1:1. 
With the magnetic field in the bc plane, the spectrum 
always consisted of 5 lines of intensities 1:4:6:4:1, 
having 21 to 24 gauss hyperfine splittings. Typical 
spectra observed in ethylurea are shown in Fig. 7. 
These spectra were quite similar to those of alanine,’ 
except that in the present case the lines were somewhat 
broader. In the case of both methylurea and ethylurea 
the same spectra were observed for x and y irradiation. 
The spectra exhibited no aging effect in either com- 
pound. 


ANALYSES OF THE SPECTRA 


Methylurea 

The number and relative intensities of the hyperfine 
structure lines observed in methylurea suggest that 
these lines result from the interaction of the unpaired 
electron with two protons, therefore the spectrum may 
arise from —CH, or —NHp». The NHg radical was 
excluded for the following reasons: 

(1) According to Foner et al.’ the spectrum at some 
orientations should consist of nine component lines. 
This kind of spectrum was not observed at any ori- 
entation. (2) In ethylurea the radical formed is not 
believed to be NHo, but rather the —CHCH; group. 
(3) In urea and thiourea, where there was a possibility 


Taste I. Direct cosines for the two protons in the —CH2 group 
in methylurea. 


Proton COS @ cos B cos 


+0.9298 
—0.12369 


+0.3301 
+0.70143 


+0.1628 
+0.70143 





21. Miyagawa and W. Gordy, J. Chem. Phys. 32, 255 (1960). 
3S. N. Foner, E. L. Cochran, V. A. Bowers, and C. K. Jen, 
Phys. Rev. Letters 1, 91 (1958). 
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Tasie If. Calculated and observed hyperfine splittings along 
the crystallographic axes of an x irradiated single crystal of 
methylurea. 


Hyperfine splitting for the 


second proton of —CH2 
(in gauss) 


Hyperfine splitting for one 
proton of —CH2 
(in gauss) 
Obs. 
+2 gauss 


Calc. Obs. 


+2 gauss 


Calc. 
Axis 


[110] 


[100] 
[110] 
[010] 
[001] 


for the formation of the NHe radical, no radicals were 
observed at room temperatures. 

Analysis of the methylurea spectra is therefore 
based on two assumptions. (1) The radicals from which 
the spectra arise have the formula 


H(i) H O 


‘NH, 


H(2) 


The protons responsible for the hyperfine splitting are 
numbered 1 and 2. (2) All four possible radicals in the 
unit cell are assumed to be magnetically equivalent in 
the planes (001) and (110), thus only one radical need 
be considered in analyzing the spectra. 

With the magnetic field in the (001) plane, that is 
for rotation of the crystal about the [001] axis, the 
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Fic. 9. Hyperfine splittings observed in an x irradiated single 
crystal of ethylurea. The applied magnetic field was in the ab- 
plane of Fig. 6 and at the angle indicated with reference to the 
a axis. 
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Fic. 10. Similar to Fig. 9 except the applied magnetic field was 
in the ac plane and the angle was measured to the a axis. 


hyperfine splittings for protons 1 and 2 were observed 
to vary. The splittings are plotted in Fig. 4. The be- 
havior of the splittings suggests that the projection of 
the —CHg group in the (001) plane is that in Fig. 
8(a). The angle H’(1)—C—H’(2) in the projection of 
the —CHe group in the (001) plane is about 120° as 
shown. With the magnetic field in the (110) plane, the 
hyperfine splittings resulting from these two protons 
showed the similar behavior which is plotted in Fig. 5. 
The projection of the —CHy group on the (110) plane 
is believed that shown in Fig. 8(b). In this case the 
angle H’’(1)—C—H’’(2) is 110°. 

When the magnetic field is in the (110) plane the 
spectra are not as simple as those in the previous two 


| 
| 


Fic. 11. Similar to 
Fig. 9 except the ap- 
plied magnetic field 
was in the bc plane 
and the angle was 
measured to the b 
axis. 
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Fic. 12. Analysis of the 
radical spectra observed in 
ethylurea. Each component 
of the 1:3:3:1 methyl quar- 
tet is split into a doublet by 
the magnetic interaction 
between the unpaired elec- 
tron and the —CH— pro- 
ton. (a) Spectrum  ob- 
served with the magnetic 
field in the ac plane. (b) 
Spectrum observed with 
the magnetic field along 
the b axis. 














(b) 


cases, except where the magnetic field is parallel to 
either the [001] or [110] axes. In general the spectra 
observed in this plane consist of three lines, when neg- 
lecting additional structure weak in comparison to the 
main three lines. This weak structure may indicate 
either the presence of other slightly magnetically non- 
equivalent radicals in this plane or anisotropic coupling 
with the NH group. From Figs. 8 (a) and (b) the di- 
rection cosines of protons H(1) and H(2) may be 
determined. In this instance, the [110] axis is con- 
sidered to be the x axis; the [001] axis, the y axis; and 
the [110] axis, the z axis. The origin of these three 
orthorhombic axes is taken to be coincident with the 
carbon atom of the —CHg group. The resulting direc- 
tion cosines are given in Table I. From these direction 
cosines the angle H(1)—C—H(2) in the —CH: group 
is calculated to be 117°. (The corresponding angle for 
ethylene protons in the gas phase lies in the range 
110° to 122°.*) 

Spectral interpretation may be made on the basis 


TABLE III. The principal components of the hyperfine coupling 
constant for the CH group in x irradiated ethylurea. 








Obs. 
+2 gauss 


Principal 
component 


Calc. 
(gauss) 





A 10 9 


21 18 
24 28 








4C. H. Townes and A. L. Schawlow, Microwave Spectroscopy 
(McGraw-Hill Book Company, Inc., New York, 1955). 
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of the theory of McConnell ef al.®* The electron- 
nuclear hyperfine interaction Hamiltonian is given by® 


KH=hALASI,4+BS,1,+CSilz], (1) 


which 'is in the form of a dyadic tensor. Here A= 
Aata;, B=Bata;, and C=Catay, where ay is the 
isotropic coupling constant and Ag, Ba, and Cy are the 
principal components of the dipolar interaction, and 
are related by the equation Ag+By+Ca=0 

Considering the unpaired electron to interact only 
with protons (1) and (2), the hyperfine splittings along 
the crystallographic axes were calculated. In making 
these calculations, the values obtained by McConnell 
et al.® for the CH group, that is, A=10, B=22, and 
C=32 gauss, were used. The results of these calcula- 
tions are presented in Table II and compared with the 
observed hyperfine splittings. The value ay=21 gauss 
resulted from the calculations. 


Ethylurea 


The radical formed in ethylurea is believed to have 
the formula 


H H H O 

i ali ie 

H—C—C—N—C 

i * 
H NH, 

On Fig. 6 are indicates the axes and the corresponding 
spectral characteristics. Typical spectra are shown in 
Fig. 7. In Figs. 9-11 are plotted the hyperfine splittings 
observed for the magnetic field in the three planes de- 
fined in Fig. 6. 

In this radical the couplings of the three methyl pro- 
tons are considered to be equivalent and isotropic. The 
methyl protons produce a symmetric quartet having a 
coupling constant of 23 gauss, upon which are super- 
imposed the Fermi contact and dipolar interactions 
from the —CH— group. This 23 gauss splitting con- 
stant for methyl protons agrees with that reported by 
Jen et al.’ 

The basis of this analysis is shown in Fig. 12. Assum- 
ing the existence of a single magnetically equivalent 
radical in the unit cell, the principal components of the 
diagonal electron-nuclear coupling dyadic for the 
C—H group o proton appeared to be | A |=10+2 
gauss, |B|=21+2 gauss, and |C|=24+2 gauss. 
Assuming these values to have the same sign,® the iso- 
tropic coupling constant | ay| was determined to be 
18.342 gauss. The behavior of the spectrum upon 
rotation of the crystal indicates that the «C—H bond 
lies along the @ axis. McConnell et al.° observed 10 


5H. M. McConnell, C. Heller, T. Cole, and R. W. Fessenden, 
J. Am. Chem. Soc. 82, 766 (1960). 

°H. M. McConnell and J. Strathdee, Mol. Phys. 2, 129 (1959). 

7C. K. Jen, S. N. Foner, E. L. Cochran, and V. A. Bowers, 
Phys. Rev. 112, 1169 (1958). 
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gauss splitting along the direction of the -C—H bond 
in the radical 


pie os 


H 


Since the component line width was of the order of 
10 gauss, it was not possible to determine the possibility 
of additional radicals in the unit cell. 

The value of ay can be justified. In the formula® 


ay= pQ, ( 2) 


p. is the spin density on the C—H carbon and Q is a 
proportionality constant having the value 22.5 gauss 
or 63 Mc. p, was taken as unity for the C—H group of 
the radical in malonic acid.® In the present case p, must 
be reduced because of the additional coupling of the 
electron with the methyl group. The observed 23 
gauss or 64 Mc coupling of the electron with the methyl 
protons indicates a spin density at each proton of 64 
Mc/1420 Mc=0.045, where 1420 Mc is the isotropic 
splitting in atomic hydrogen.’ Since three protons are 
involved, the total spin density on the methyl group 
is 0.135. The spin density on the C—H carbon must be 
reduced by this amount to p,=0.865. Substitution of 
this value of p, in Eq. (2) results in ag=52 Mc or 18.2 
gauss. Appling the factor 0.865 to the values of McCon- 
nell et al.> for the principal components of the C—H 
group ¢ proton results in A=8.7, B=18.2, and C= 27.7 
gauss. These values are compared in Table HI with 
those observed in ethylurea. 

In summary, the results for ethylurea indicate that 
all radicals in the unit cell are magnetically equivalent 
and that the C—H bond lies along one of the crys- 
tallographic axes. 


LINE WIDTH 


The broadening of the component lines observed in 
methylurea and ethylurea is believed to arise from 
magnetic interactions of the unpaired electron with 
the proton and the nitrogen nucleus in the adjacent 
NH group. Similar broadening in a y irradiated single 
crystal of m-acetyl glycine has been attributed to the 
proximity of the NH group to the unpaired electron.” 
The spin density on the NH group is therefore believed 
less than 0.002. 
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Recent spectroscopic data were used in calculating the thermodynamic functions of CO2(g), COS(g), 
CS2(g), CICN (g), HCN(g), H2O(g), HeS(g), NxO(g), NOz(g), and SO2(g) in the ideal gas state from 100° 
to 6000°K. For each molecule, corrections were made to the rigid-rotator harmonic-oscillator approximation 
for anharmonicity and when sufficient data were available, additional corrections were made for vibration- 
rotation interaction, rotational stretching, and Fermi resonance. 


INTRODUCTION 


OST calculations of ideal gas thermodynamic 

functions for polyatomic molecules are calcu- 

lated assuming rigid rotation and harmonic oscillation. 

This is due primarily to the fact that spectroscopic in- 

" vestigations are seldom detailed enough to yield the 

anharmonic, vibration-rotation interaction, and rota- 

tional stretching constants that are used in more ac- 

curate calculations. Secondly, these calculations are 

considerably more complicated when these refinements 
are included. 

Ten triatomic molecules are considered in this report 
for which most of these detailed spectroscopic data are 
available. For three of these molecules, COS, CS», and 
CICN, only rigid-rotator harmonic-oscillator calcula- 
tions have heretofore been available. While more re- 
fined calculations have been made for the remaining 
molecules CO.,1 HCN,? H.0,*? H2S,* N.O,> NO»,® and 
SO2,’ their spectroscopic constants have since been re- 
vised. The methods used in these references to repre- 
sent the partition function include first- and second- 
order correction terms to the rigid-rotator harmonic- 
oscillator approximation for COs, and various modifica- 
tions of first-order correction terms for the other 
molecules. Thermodynamic functions for the ten 
molecules considered here have therefore been recalcu- 
lated; first, in order to incorporate recently determined 
spectroscopic constants, and second, in order to include 
second-order correction terms where applicable. 


CALCULATIONS 


The equation used for the partition function for 
internal energy was taken from reference 8: 


O=QrOrcVHoVc (1) 


1H. W. Woolley, J. Research Natl. Bur. Standards 52, 289 
1954). 

? Bradley, Haar, and Friedman, J. Research Natl. Bur. Stand- 
ards 56, 197 (1956). 

8 A. S. Friedman and L. Haar, J. Chem. Phys. 22, 2051 (1954). 

‘ Haar, Bradley, and Friedman, J. Research Natl. Bur. Stand- 
ards 55, 285 (1955). 

5R. E. Pennington and K. A. Kobe, J. Chem. Phys. 22, 1442 
1954). 

® Unpublished NBS data compiled by Harold W. Woolley 
(1950). 

7™W. H. Evans and D. D. Wagman, J. Research Natl. Bur. 
Standards 49, 141 (1952). 

8H. W. Woolley, J. Research Natl. Bur. Standards 56, 105 

1956). 


The detailed expressions used for the individual factors 
in (1) are exactly those in reference 8. The quantities 
Qp and Quo are the usual rigid-rotator and harmonic- 
oscillator partition functions, respectively; Qrc con- 
tains rotational correction factors for stretching and 
low-temperature quantum effects; and Qc contains 
corrections for anharmonicity, vibration-rotation inter- 
action, and azimuthal quantum effects. This latter 
correction factor may be expressed in the form 


InQe=Co( T)+01(T)/T+C2(T)/T?++++, (2) 


where Cy, Cy, and C2 are functions containing a number 
of terms. The Co terms involve rotation-vibrational 
constants to the first and second power; the C/T terms 
involve azimuthal and first- and second-order anhar- 
monic constants to the first power, and cross products 
between first-power rotational-vibrational interaction 
and anharmonic and azimuthal constants; and the 
C./T? terms involve first-order anharmonic and 
azimuthal constants to the second power including 
cross products, cross products between first- and 
second-order anharmonic constants, and cross products 
between first-power rotational-vibrational interaction 
and second-power anharmonic constants. 

At high temperatures, each of the correction terms 
found in the Co, C;/T, and C;/T? functions, and there- 
fore their contribution to —(F° —H9°)/RT, (H® —H,°) / 
RT, and C,°/R, vary in principal dependence as T, 7°, 
or higher than 7°. Thus, no matter how small the con- 
tribution of these terms may be at relatively low tem- 
peratures, at high temperatures they can cause a re- 
versal from decreasing first derivatives of the thermo- 
dynamic functions with temperature to increasing first 
derivatives with temperature. This inflection point will 
generally occur at lower temperatures for those species 
with one or more relatively low fundamental frequen- 
cies than for those species with only relatively high 
frequencies. 

The total contribution of the terms in (Co+C,/T) 
and C;/T? to C,°/R and —(F® —H °)/RT are given in 
Tables I and II. At the high temperatures the total 
contributions of (Co+C;/T) and C,/7° to the func- 
tions vary as JT and 7”, respectively. The relatively 
large contribution of C,/T? at the higher temperatures 
causes an inflection to occur in the specific heat func- 
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TABLE I. Contribution of correction terms in In Qc to C,°/R. 


Temperature, °K 
Mole- Correction 
cule terms 298.15 2000 3000 4000 5000 6000 





CO, Cot+Gi/T —0.0038 0.0599 0.0965 0.1289 0.1587 . 1864 
C:/T? 0.0000 0.0007 0.0049 0.0118 0.0209 0.0315 .0431 


COS CO+0C:/T —0.0086 0.0552 0.1414 2183 0.2928 0.3663 4392 
C;/T? 0.0004 0.0089 0.0418 .0991 0.1810 0.2878 .4197 
0 


CS: Cot Gi/T 0.0149 0.0753 . 1628 2428 0.3190 
C:/T? 0.0017 0.0270 1143 .2598 0.4616 ( 
CICN ©Co+O,/T —0.0198 —0.0300 .0279 .0337 —0.0419 
C/T? 0.0012 0.0227 .0965 2211 0.3965 


HCN (©0+(C,/T —0.0108 0.0200 .0954 . 1648 .2271 
C./T? 0.0001 0.0022 .0146 .0381 .0719 


H.0 Cot Gi/T —0.0013 —0.0170 .0385 .1076 1731 
C./T? 0.0000 0.0008 .0086 .0276 .0580 


HS Cot+Gi/T —0.0025 0.0135 .1018 . 1838 . 2600 
‘/ 0.0000 0.0010 0113 .0331 .0659 


.3919 .4617 
.7179 .0267 


0509 .0604 
6228 8999 


2852 3403 
1152 . 1676 


2370 3015 
1004 1553 


3343 -4085 
1096 . 1643 
—0.0036 0.0325 . 1082 1742 2371 0.2992 .3611 

0.0000 0.0018 .0123 .0318 0604 0.0984 . 1460 


0.0004 0.0473 . 1305 . 2046 .2760 0.3466 4167 
0.0000 0.0027 .0181 .0462 0.0870 0.1405 . 2066 


0.0051 0.0618 . 1402 2139 . 2864 0.3586 4307 
0.0001 0.0047 .0233 .0559 .1025 0.1629 2373 


—] 


of S29 929 95 


tions of COS, CSs, CICN, NO», and SO». For this did not occur for any of the thermodynamic functions 
reason (./ 7? was omitted from InQc¢ and its derivatives at the higher temperatures considered here, and the 
for these five molecules. For the remaining five mole- C./7? terms were retained. 

cules, CO:, HCN, H.O, H.S, and N.O, an inflection First-order corrections for the effect of Fermi 


TABLE II. Contribution of correction terms in In Qc to — (/°—H°)/RT 


Temperature, °K 
Mole- Correction 
cule terms 298.15 1000 2000 K 4000 5000 


CO» Cot C/T —0.0006 — 0.0027 0.0034 .0290 0.0437 
C2/T? .0000 0.0000 0.0005 0.0014 .0028 0.0048 


COS Cot G1/T 0032 —0.0044 0.0180 0.0487 .0822 0.1170 
C2/T? .0000 0.0010 0.0055 0.0140 .0265 0.0431 


CS: Oot+-Ci/T 0041 0.0233 0.0589 0.0978 1374 0.1772 
C2/T? .0001 0.0036 0.0171 0.0407 -0741 0.1172 





CICN Co+C,/T —().0022 —0.0206 —0.0375 —0.0480 .0561 —0.0631 —0.0695 
C:/T? 0.0001 0.0028 0.0141 0.0340 .0623 0.0992 0.1445 


HCN (Co+C,/T —0.0018 —0.0079 0.0001 0.0181 .0407 0.0656 0.0917 
C2/T? 0.0000 0.0003 0.0015 0.0044 .0090 0.0153 0.0234 


H,O Cot C1/T —0.0000 —0.0046 —0.0102 —0.0063 0045 0.0195 0.0375 
C,/T? 0.0000 0.0000 0.0005 0.0022 .0053 0.0101 0.0166 


H.S Cot Ci/T —0.0001 —0.0026 0.0042 0.0228 .0473 0.0749 0.1045 
C,/T? 0.0000 0.0000 0.0007 0.0029 .0067 0.0123 0.0197 


N20 Cot Qi/T —0.0007 —0.0015 0.0123 0.0345 .0601 0.0873 0.1154 
C,/T? 0.0000 0.0001 0.0011 0.0035 .0074 0.0127 0.0195 


NO: Cot+Gi/T 0.0000 0.0040 0.0247 0.0531 -0843 0.1168 0.1500 
C,/T? 0.0000 0.0001 0.0016 0.0051 .0107 0.0185 0.0283 


SO Cot G/T 0.0002 0.0103 0.0382 0.0707 0.1048 0.1395 0.1747 
C,/T? 0.0000 0.0004 0.0028 0.0075 0.0145 0.0238 0.0355 
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COS CS: CICN HCN H,0 2S NO, SO, 





733.4 2096.61 56.65 5 : 1320.6 1151.74 
379.9 .90 594.78 : ‘ 749. 517.69 
2219 40 3755. ‘ yb 1617. 1361.76 


—3.99 
—2.05 
—13.71 
—3.00 
—3.90 
—§.17 


P ae 3. —2.16 —0.1 0.52 
cm! ol. 34.4 31.4 29.9 
cm! 27.379 10.351» 8.003° 2.027359¢ 
cm! 0.391625 0.203724 0.109277 0.1991654 1.4849 14.5844 9.023» 0.421181 0.434° 0.3441741¢ 
cm7 9.5256 4.825> 9.412° 0.2935345¢ 
cm X 108 750 125> 
cm! X 108 —2941 —346> 
cm X 108 1253 173> 
cm X 108 .26 0.6044 0.156 3 238 159> 
cm 108 —0.76 —0.3532 —0.256 Fp — 160 —219 
cm? X 108 3.9875 1.838 0.711 78 124> 
cm 108 201.8 
cm X 108 139. 
cm! X 108 
cm! X 108 
(°K)X 105 
Statistical weight 


Symmetry number 





References 13, 14, 15 16, 17 18, 19 25, 26, 27 





® Estimated. 

> Derived from moments of inertia given in reference 24. 
© Aooo, Booo, Cooo. 

4 Booo. 

© Value taken from reference 3. 

f Value taken from reference 4. 
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TABLE XIII. Thermodynamic functions of SO: (g) in the 
ideal gas state. 





C oO o O, 
C R (H’-H-)/RT S/R 


~(F°-HO)/RE 





440324 
4.3753 
4e6861 
4.7951 
4.8031 
502292 
526003 
5.8970 
601268 
603038 
604412 
605495 
606361 
607066 
607648 
608136 
608552 
628911 
609224 
629501 
609748 
629972 
720361 
720694 
720986 
701249 
701489 
701712 
701922 
7e2121 
702312 
702496 
702675 
702849 
723019 
703186 
703359 
703512 
703672 
703830 
7.3987 
70414? 


420029 
420942 
42108 
422552 
4.2585 
4e4486 
426430 
428283 
429981 
521507 
522868 
524079 
525157 
506121 
506986 
57766 
5 08471 
529113 
529499 
620236 
620730 
621187 
62003 
602714 
603339 
623895 
604394 
604844 
605254 
625630 
605977 
606298 
606598 
606678 
607141 
607390 
607625 
607848 
628061 
608264 
628459 
6 e8646 


2501267 
2820140 
2904233 
2908384 
2908681 
31.3090 
3225171 
3325655 
3404925 
3503227 
36090734 
3607579 
3702864 
3709669 
3805061 
3920093 
3924808 
3909244 
4007431 
4027396 
4121161 
4104744 
4201432 
4207569 
4303239 
4328509 
4467433 
4448954 
4542408 
4505525 
4620429 
4604143 
4667685 
4721069 
4704311 
4707423 
48.0414 
4802294 
4826071 
4808753 
4901347 
4907857 


2101238 
2329198 
2502126 
2505833 
2506096 
2608604 
2708740 
2807371 
2904944 
3001720 
3007866 
3123500 
3128706 
3203548 
3208075 
3302327 
3306337 
3460131 
3403733 
3467160 
3520431 
3503557 
3509428 
3604854 
3609899 
3704614 
3729040 
383210 
3807154 
3920894 
3904452 
3907845 
4021087 
4004191 
40e7170 
4120033 
4122789 
4105445 
4128010 
4220489 
42.2888 
4205212 








resonance were also included for CO», CS,, CICN, and 
N,O using the method of reference 9. 

Atomic weights were taken from Wichers." Physical 
constants are from Cohen, Crowe, and Dumond" with 
hc/k equal to 1.43880 (cm) (°K) and a dimensionless 
entropy constant of —1.16511. Spectroscopic data!’-” 
are listed in Table ITI. 


®H. W. Woolley, J. Research Natl. Bur. Standards 54, 299 
(1955). 


10 E. Wichers, J. Am. Chem. Soc. 78, 3235 (1956). 


"Cohen, Crowe, and Dumond, Fundamental Constants 
Physics (Interscience Publishers, Inc., New York, 1957). 

2 C, P. Courtoy, Can. J. Phys. 35, 608 (1957). 

'8C. H. Townes, A. N. Holden, and F. R. Merritt, Phys. Rev. 
74, 1113 (1948). 

4 'T. Wentink, Jr., J. Chem. Phys. 30, 105 (1959). 

® W. Gordy, W. V. Smith, and R. F. Trambarulo, Microwave 
Spectroscopy (John Wiley & Sons, Inc., New York, 1953). 

146 Private communication with B. P. Stoicheff. 

A. H. Guenther, T. A. Wiggins, and D. H. Rank, J. Chem. 
Phys. 28, 682 (1958). 

8W. QO. Freitag and E. R. 
(1956). 

1 C. A. Burrus and W. Gordy, Phys. Rev. 101, 599 (1956). 

H.C. Allen, Jr., E. D. Tidwell, and E. K. Plyler, J. Chem. 
Phys. 25, 302 (1956). 

*1 A. E. Douglas and D. Sharma, J. Chem. Phys. 21, 448 (1953). 

#2 G. A. Khachkuruzov, Optics and Spectroscopy 6, 294 (1959). 

*%W. S. Benedict, N. Gailar, and E. K. Plyler, J. Chem. Phys. 
24, 1139 (1956). 
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No adjustment was made for the difference in the 
spectroscopic data for the less abundant isotopic 
molecules, although the molecular weight for the 
naturally occurring isotopic mixture was used. Entropy 
of nuclear spin was omitted. Calculations were made 
on an IBM 704 computer. 


RESULTS 


The ideal gas functions C,°/R, (1° —H,°)/RT, 
S°/R, and —(F°—H,°)/RT are given at 273.15°, 
298.15°, every 100° from 100° to 2000°K, and every 
200° from 2000° to 6000°K for COs, COS, CS», CICN, 
HCN, H:2O, HeS, HO, NOs, and SO, in Tables IV to 
XIII, respectively. 

A comparison of the C,°/R and —(F°® —Ho°)/RT 
data in Tables IV to XIII with data in other references 
is given in Tables XIV and XV. 

The largest differences in C,°/R at 5000°K (0.38 and 
0.43, respectively) occur for COS and CS». This is due 
to the fact that the comparison is made with data ob- 
tained by the rigid-rotator harmonic-oscillator method. 
The results for CICN are unusual in that the data are 
slightly less than that obtained by the rigid-rotator 
harmonic-oscillator method. This decrease is due to 
the fact that the positive x22 term together with the 
low v2 frequency cause a large negative contribution. 

Relatively large differences occur for HCN, H.O, 
and HS for a variety of reasons. For example, the 
difference of —0.17 in C,°/R at 5000°K for HCN given 
in this report as compared to reference 2 can be ac- 
counted for as follows: The sign of the goo term in 
reference 2 was apparently taken incorrectly, which 
accounts for —0.20; the use of go» in reference 2 rather 
than (go2+Bo) as used here (see reference 8) accounts 
for —0.04; somewhat different expressions for first- 
order corrections to the partition function used in 
reference 2 and in this report account for —0.05; and 
the inclusion in this report of second-order corrections 
accounts for +0.12. The difference of +0.22 in C,°/R 
at 5000°K for H.O can be accounted for as follows: 
different expressions in the partition function for first- 
order corrections, +0.08; different spectroscopic con- 
stants, +0.04; and inclusion of second-order terms, 
+0.10. Reasons similar to those given for HO account 
for the differences in HS. 

Differences in the data for NsO, NOs, and SO, are 
due mainly to different spectroscopic constants. For 
example, different rotational constants for NO, de- 


4H. C. Allen, Jr., and E. K. Plyler, J. Chem. Phys. 25, 1132 
(1956). 
*M. L. 
*K.N. 
7A, E. 


(1954). 

%E. T. Arakawa and A. H. Nielsen, J. Mol. Spectroscopy 2, 
413 (1958). 

2 R. D. Shelton, A. H. Nielsen, and W. H. Fletcher, J. Chem. 
Phys. 21, 2178 (1953). Erratum: ibid. 22, 1791 (1954). 

% PD. Kivelson, J. Chem. Phys. 22, 904 (1954). 


Grenier-Besson, Cahiers Phys. 10, 44 (1956). 
Rao and H. H. Nielsen, Can. J. Phys. 34, 1147 (1956). 
Douglas and C. K. Moller, J. Chem. Phys. 22, 275 





THERMODYNAMIC FUNCTIONS OF TRIATOMIC MOLECULES 


TABLE XIV. Comparison of C,°/R data. 











Temperature, °K 


cule Reference 2 2000 3000 4000 


This work 
1 


.5316 2564 7.4749 .5859 
.5318 258 7.484 7.608 


8518 4275 6247 7458 
7926 . 2801 3977 4415 


1322 .5502 . 7080 .8174 
0495 .3718 4415 -4668 


7982 2689 .3910 .4375 
8183 .2769 .3950 7.4397 


0510 .0409 4284 6463 
1302 . 1689 5837 .8163 


9605 .1710 . 7628 . 1029 
9569 . 1460 6945 .9694 


5247 .6225 7.0488 3052 
5200 6052 .9942 . 1924 





This work 
(a) 
This work 
(a) 


CICN This work 
(a) 


HCN This work 
2 


AD AD NN AA AG 


H,O This work 
3 


>_> 


This work 
4 


mu 


6.6379 .3440 7.5860 .7391 ie 7.9997 
6.646 


6.3514 6.9292 1125 . 2237 i 3933 
6.34 6.90 .06 


This work 
a 


This work 
6 


SO. This work “6.5495 6.9972 : 7.2496 4142 
7 





® RRHO method calculated for this paper. 





TABLE XV. Comparison of — (F°—H,°)/RT data. 





Temperature, °K 


Reference 298.15 1000 2000 3000 4000 5000 6000 





This work 21.9210 .2307 31.1218 33.6718 35.5804 37.1085 38.3843 
1 21.9219 2325 31.124 33.675 35.584 .114 


This work 23.8339 29.5600 33.6916 36.3544 38.3323 .9101 41.2251 
(a) 23.8294 29.5503 33.6563 36.2863 38.2289 39.7703 41.0483 


This work 24.2971 30.4559 34.8099 37.5711 39.6056 2211 42.5634 
(a) 24.2940 30.4351 34.7507 37.4696 39.4607 .0326 42.3314 


This work 24.0812 30.1234 34.3173 36.9748 38.9305 .4796 41.7626 
(a) 24.0822 30.1395 34.3454 37.0084 38.9673 .5184 41.8028 


This work .5349 5.6518 29.3177 31.7494 33.5938 35.0863 36.3431 
2 .5316 5.6662 .3676 31.8327 33.7067 35.2255 

This work 18.7027 23.6587 -8555 28.9741 30.6040 31.9399 33.0769 
3 18.7025 23.6585 8532 28.9669 30.5887 31.9131 


This work 20.7229 5.8122 . 2464 31.5262 33.2623 34.6724 35.8643 
4 20.7081 5.7947 2257 31.5014 33.2309 34.6314 


This work 22.5824 28.0315 32.0018 34.5939 36.5330 38.0871 39.3872 
5 22.583 .035 


This work 24.7460 30.2412 34.0927 36.5754 38.4198 .8912 
6 24.807 30.302 34.148 36.62 38.46 


SO2 This work 25.5833 .3500 35.3557 37.9040 39.7845 2789 
7 25.58 .o9 














® RRHO method calculated for this paper. 
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crease the —(F° —H,")/RT values given here by 0.061 
as compared to the data of reference 6. The data for 
CO, are in good agreement with previously published 
data. 


It has just come to the authors’ attention that 
thermodynamic functions for CO, COS, CS2, NOs, and 


SO: have recently been published in the Journal of 


Chemical and Engineering Data 6, 390 (1961). Agree- 
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ment is fair to good. Differences are probably due to 
somewhat different methods of calculation and to some 
differences in spectroscopic constants. 
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Charge Transfer Spectra of some Gold(III) Complexes 
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Tetrahalo complexes of Au(III) show two intense bands in the ultraviolet. These are interpreted as 
charge-transfer bands; the transfer is from halogen p to gold d orbitals. The two bands are associated with 
po—d,*_,? and p,—d,*_,? transitions. The iodo complex undergoes spontaneous reduction; reason for this is 
discussed. The ethylenediamine! complexestofjAu (III) also exhibit interesting charge-transfer phenomenon. 


N the third transitional series two familiar ions with 

eight electrons in the outermost d shell are Pt** 
and Au**+. They generally form four coordinate square- 
planar complexes which are almost invariably spin 
paired and hence diamagnetic. Spin pairing is facili- 
tated by the large extension of the 5d electron clouds 
into space. In valence-bond language, Pt (II) and Au 
(III) complexes involve dsp? hybridization; in crystal- 
field nomenclature they almost always belong to “strong 
field” class. The planarity of some such complexes has 
been proved by x-ray crystallography!” or otherwise.’ 

The visible and uv spectra of platinous complexesofthe 
type [Pt(NHs3),Cly_, |'"+, where n=0-4, have been 
interpreted by Chatt ef al.‘ in terms of the crystal- 
field theory. The transitions involved are all within 
the Sd° system of Pt(IL) :d,—d.*_,2; dzz(dyz) dz?_,?; 
d,—d,*_,*. They are of forbidden g-g type and ac- 
cordingly have low molar extinction coefficients, gen- 
erally less than 100. The triplets, which attain con- 
siderable intensity in the 5d series due to strong 
spin-orbit interaction, have much smaller extinction 
values. 

The isoelectronic Au(III) complexes should show 
similar bands which, however, will be shifted to shorter 
wavelengths compared to those of Pt(II) complexes 
because of the higher charge and smaller size of Au(IT1). 
But just these factors increase its electronegativity and 


1R. G. Dickinson, J. Am. Chem. Soc. 44, 2404 (1922). 

2 E. G. Cox and K. C. Webster, J. Chem. Soc. 1936, 1635. 

3A. F. Wells, Structural Inorganic Chemistry (Oxford Uni- 
versity Press, New York, 1950), p. 625. 

4J. Chatt, G. A. Gamlen, and L. E. Orgel, J. Chem. Soc. 
1958, 486. 


electron affinity over those of Pt(IL). One chemical 
manifestation is the higher oxidizing power of Au(III). 
Spectrochemically we may expect that in combination 
with ligands of relatively low ionization potential, 
Au(III) complexes will show electron-transfer bands 
in the uv or visible region. The spectra of tetrahalo 
complexes of Au(III) were accordingly studied. 
Au(III) ethylenediamine complexes have an inter- 
esting bearing in this problem. 


EXPERIMENTAL 


KAuBr,-2H.O was prepared and purified following 
a standard method.°® The tetrachloro complex could be 
obtained by decomposing the bromo complex with 
aqua regia. Excess nitric acid was removed by repeated 
evaporation with concentrated HCl. The final product 
could be obtained anhydrous by crystallization from 
alcohol.2 The ethylenediamine monohydrate was E. 
Merck reagent, and it was distilled twice before use so 
as to get a perfectly colorless and transparent product. 
The potassium chloride, bromide, and iodide were all 
E. Merck G.R. quality. The water used was double- 
distilled. 

Spectral measurements were carried out in 1-cm 
matched silica cells in Beckman spectrophotometer, 
model DU. Balancing was done against proper solu- 
tions e.g., for KAuBr,-2H,O in 1V KBr; 1N KBr was 
used as the standard. In the study of Au(III) ethylene- 
diamine complexes a relatively concentrated solution 
of KAuCl, or KAuBr,y- 2H,O was made in 10% ethylene- 


/ 


5 Inorganic Syntheses, edited by J. C. Bailey, Jr., (McGraw- 
Hill Book Company, Inc., 1953), Vol. IV, p. 14. 
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diamine hydrate. An aliquot from this was diluted 
with the same 10% ethylenediamine such that optical 
densities had reasonable values. Another equal aliquot 
was diluted with 2V HCIO, (the whole of ethylenedi- 
amine is neutralized) to the same volume. Thus the 
concentration of Au(III) was same in the two solutions. 

Solutions of KAuBry-2H,O and KAuCl, were made 
by direct weighing. Since we are not quite sure about 
the hydration of KAuCl (the anhydrous salt might 
absorb some water during weighing), we do not claim 
any great accuracy in the extinction values. Measure- 
ments had to be carried with different concentrations, 
since the peaks have very different intensities. Con- 
centrations were so chosen that O.D. was generally 
between 0.2 to 0.5 near the band maxima. 


RESULTS AND DISCUSSION 


Spectra of KAuCl, and KAuBry were measured in 
1.V KCl and 1V KBr, respectively. This was mainly 
to avoid to possible aquation or‘ hydrolysis. The spec- 
trum of KAuCl, 1N KC\ is very similar to that in LV 
HCl, which has already been reported by one of us.° 
Under such high concentrations of halide ions it is 
quite possible that higher complexes, e.g., [AuXs P> or 
[AuX, }~, are formed to some extent with one or two 
“long” Au-X bonds. This point is discussed later. 

Both [AuCl, }- and [AuBr; }- show two strong bands 
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KAuCl, in 1N KCI 
KAuBrg.2Hz0 in 1N KBr ; 
KAuCl, or KAuvBr,. 24,0 1n 
IN KI 








A (mp)—~ 
Fic. 1. Spectra of KAuX, in 1N KX. 


6 A. Chakravorty, Naturwissenschaften (to be published). 
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Fic. 2. Splitting of 5d and 6 orbitals in tetragonal ligand-field 
(not drawn to scale). 


in the uv (Fig. 1). The band at lower wavelength 
(henceforth called \;) is about seven times more intense 
than the other (Az). The bands of the bromo complex 
are placed at longer wavelengths than those of the 
chloro complex. The high extinction coefficients clearly 
indicate that these are not crystal-field transitions 
within the metal d shell, but must correspond to some 
g—u or u—g type allowed transition. 

\, cannot possibly be due to 5d—6p transition in the 
gold atom since this would mean too small an energy 
gap between the two levels. Further, there is no reason 
why such a band should show a large forward shift in 
passing from the chloro to the bromo complex. Let us 
consider a simple electrostatic picture for [AuX,]-. 
The Au** ion is at the origin and the four X~ are placed 
on the x and y axes. The d orbitals will then be split up 
in the following order* of decreasing energy: d,.*_,’, 
dry, dzz(dyz), d*. In the 6p shell, p, and p, will be de- 
stabilized since they point directly towards the ligands, 
p. remaining unaffected hence most stable. This is 
shown in Fig. 2. 

On passing from [AuCl, }~ to [AuBr,}-, the position 
of p, is unaffected; the p., p,, and the d orbitals are 
somewhat stabilized since Cl- exerts greater repulsive 
force than Br~, due mainly to smaller size and closer 
approach. The longest wavelength d— transition will 
then involve the p, orbital in the excited state and hence 
should shift to shorter wavelength on passing from 
[AuCl, } to [AuBr, | while reverse is the case. Further, 
ethylenediamine is known to produce much stronger 
perturbation than the Cl-, so that for [Auen, }* the 
longest wavelength d—p band should be at a wave- 
length higher than that for [AuCl,}-. In fact, however, 
\: for [Auen, #+ is not reached even at 200 mu. The 
above arguments are based on a crude model, but the 
results should be qualitatively true, so that \, can 
hardly be a d— transition. 

We believe that A; and A; represent electron transfer 
from ligand orbitals to holes in the 5d shell of Au(IIT). 
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I. KAvB8r, ten 

I. (KAuBr, + en) + HCIO, 
Ml. KAuCl, +en 

IV. (KAuClg+en)+ HCI04 








Fic. 3. Spectra of (KAuXy+en) and (KAuX,+en) +HCIO,; 

systems (en=ethylenediamine). 
The shift to longer wavelengths in bromo over chloro 
complex is then understandable on the basis of lower 
ionization potential of Br-. This shift is quite general 
in halides.’ The two bands cannot be correlated to 
*P; and *P, states of the halogen atom produced in the 
excited state of the complex, since the observed energy 
gaps between A; and A, are much too large. The differ- 
ence of above two states is: Cl=880 cm™, Br=3700 
cm~', while AA for [AuCl,} is 12500 cm~ and for 
[AuBry}- is 13 050 cm™. 

At this point it is relevant to consider a qualitative 
molecular orbital picture for square planar complexes.® 
With same placement of ligands as required in Fig. 2, 
the 5d,*_,?, 6s, 6p2, and 6p, orbitals of Au(III) will 
“overlap” o orbitals of the ligands, viz., ms, mpz, 
np, (n=3 for Cl and 4 for Br) giving rise to four 
bonding and four antibonding orbitals. The former will 
be occupied by eight “coordinated” electrons from the 
ligands, the latter remaining empty. The metal orbitals 
dz, dzz(dyz), and d,? are nonbonding receiving eight 
metal electrons, all paired. The sixteen m electrons 
(the “lone pairs”) on the four halide ions may some- 
what destabilize the filled d,, set through 7 interaction 
but the halogen ~, and empty metal-6f, orbitals will 
be mutually stabilized through w bonding. The x 
electrons are necessarily less stable than o electrons. 

The following assignments are now made. dj: transi- 
tion from highest filled bonding orbital to lowest un- 
filled antibonding orbital, i.e., roughly a p,—d,*_,? 
transition, while A2 is p,—d,2_,?. The former is a gu 
type transition, and since the o overlap is also quite 
considerable, the intensity will be very high, as is 

7L. E. Orgel, Quart. Revs. (London) 8, 452 (1954). 

8 J. H. Van Vleck, J. Chem. Phys. 3, 803 (1935). 
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actually the case. p,—d,*_,? is also g—u type, but since 
there is very little overlap, intensity should be quite 
low. It is to be noted that d,*_,? is not pure gold orbital, 
but is mixed with halogen o orbital, which in turn is a 
hybrid of » and s, so that the transition p,—d,?_,? will 
have some character of the strongly allowed p,—s 
transition in the halogen. The considerable 7 mixing 
of halogen p, and metal 6 orbitals especially of p, 
with an empty 6, gold orbital, will also add to the 
intensity of the p,—d,2_, transition. The relatively 
high intensity of p,—d- transition in [Co(NH3)5X ?+ 
has been similarly interpreted by Yatemera.® In any 
case, the intensity of A» will be much smaller than \y, 
as is actually the case. Harris and Reece! have shown 
that in a nonaqueous medium like nitrobenzene or 
nitromethane, [AuBr,]- reacts with Br~ to give 
[AuBrg *. During this process \2 shows a blue shift 
and its intensity undergoes a ninefold decrease (from 
€=4850 to e=550). Formation of [AuBr, *~ can be 
explained on the basis of two “long” 6,6d.* bonds 
along the z axis, i.e., normal to the original planar 
molecule. Thus the 6p, metal orbital is filled up and can 
no longer form r bond with halogen p,. The decrease in 
intensity of 2 is possibly associated with this factor. 
The high intensity of A. in 1N aqueous KBr tends to 
indicate that higher complexes like [AuBrs }*~ are not 
formed in appreciable concentration. 

Strong support in favor of the above assignment of 
2 is further obtained from studies on spectra of bis- 
ethylenediamine-Au(III) complexes." [Au(en)» }+ 
(en=ethylenediamine) acts as a monoacid base of 
Px=6.5, ionizing as follows: 

T He H» 4 


H2C N—CH, 


| 
H,C— 








H H.- 


(II) 








In an alkaline medium the ion II is mainly present; 
on acidification it is neutralized to I. Since ethylenedi- 
amine itself is basic, when an excess of this material is 
added to KAuBr, or KAuClh, the halogen atoms are 
replaced and ion II is produced. Both I and II were 
isolated" in the crystalline state as chloride or bromide. 

In II, there is a pair of x electrons on one of te hnitro- 

9H. Yatemera, J. Inorg. & Nuclear Chem. 15, 50 (1960). 

10 C. M. Harris and I. H. Reece, Nature 182, 1665 (1958). 


1B, P. Block and J. C. Bailer, Jr., J. Am. Chem. Soc. 77, 6152 
(1955). 
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gen atoms so that a band representing p,-d2_/ 
transition should be present. In [Auen: }*+, however, 
such a band is not expected for obvious reasons. 

A solution of KAuClk in 10% ethylenediamine 
hydrate gives a peak at 300 my with e=2600 (Fig. 3). 
In the solution acidified with 2V HC1Q,, the band is 
completely quenched. Thus our expectations are ful- 
filled. If KAuBr, is replaced for KAuCl, identical results 
(Fig. 3) are obtained except for the fact that in acidic 
medium there is a relatively weak and broad band at 
375 mu (€=460). It cannot be a crystal-field band, for 
then it should be present in [Auen, ]Cl; as well. This 
band may be due to charge transfer between [Auen: }*+ 
as a whole and bromide ions. Linhard® has observed 
similar interionic charge transfer in the [Co(NHs)¢ + 
+I- system. The work has been extended by Japanese 
workers to copper(II) complexes, e.g., [Cuen, }?*. It 
is relevant to note that Block and Bailer' reported 
[Auen: |Cl; as colorless and [Auen: ]Br; as light yellow 
in the crystalline state. The most probable interpreta- 
tion of this unexpected color variation is the one sug- 
gested above. An analogous case is known in the amine 
complexes of trivalent Ir; viz., [Ir(NHs3)«]X3, when 
x=Cl or Br, the complex is colorless; when x=I, 
yellow. A similar interpretation has been suggested.’ 

In 10% ethylenediamine it was not possible to 
follow the spectra beyond about 230 my due possibly 
to the strong absorption of OH~ ions which made the 
blank opaque. So A; could not be located for II. In the 
acidic solutions where I was present, this limitation 
disappeared. The absorption increases steeply but the 
peak is not reached even at 200 mu. This is quite ex- 
pected since the ionization potential of the lone pair 
(this pair is involved in the o bond of complex) in 


P 


:N 
is much larger than that of chloride ion; in [AuCl, }- 
the band is at 226 mu. This expected shift of charge- 
transfer bands to shorter wavelengths as we pass from 
bromo to chloro to amine complex is quite general, e.g., 
in Co(III) complexes." 


Case of the Iodo-Complex 


When KAuC\, is dissolved in 1V KBr the reaction 
KAuCl,+4KBr=KAuBr,+4KCl occurs rapidly and 
the solution gives a spectrum which is that of KAuBry. 
A solution of KAuCl, or KAuBr, in 1N KI may simi- 
larly be expected to produce KAul,. But such solutions 
gave spectra characteristic of the I;- ion-two roughly 
equally strong bands (e calculated on the basis of gold- 
concentration) (288 my, e=39 000; 355 my, e=30 000) 
with energy gap 6670 cm™ (Fig. 1). The solutions 
produced intense coloration with starch. Thus [AuCl, |- 
and [AuBr,]~ are reduced by KI under the present 


2M. Linhard, Z. Electrochem. 50, 224 (1944). 

13H. Yoneda, Bull. Chem. Soc. Japan 29, 68 (1956). 

4M. Linhard and M. Weigel, Z. anorg. u. allgem. Chem. 266, 
49 (1951). 
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experimental conditions. It is to be noted that [Aul, |- 
is not unknown, the potassium salt has been described 
as a black solid which is thermally quite unstable, 
liberating iodine. 

We believe that in the present experiments, iodo 
complexes are formed first only to decompose rapidly. 
This behavior can be explained as follows. In going from 
chloro to bromo complex the charge-transfer bands are 
shifted to longer wavelengths and this should continue 
in the iodo complex. In fact, the shift between bromo- 
iodo pair is expected to be much larger than that in 
the chloro-bromo pair due to larger change in ioniza- 
tion potential in the former pair. By simple arguments’ 
it can be shown that when a charge-transfer band moves 
into the near infrared, spontaneous oxidation-reduction 
becomes possible kinetically as soon as the tail of the 
band approaches zero frequency. This we believe is the 
case with the iodo complex in the present conditions. 
A kinetics study could give useful information. The 
kinetics of reaction between Fe*+ and I~ has been 
interpreted'® via the intermediary formation of iodo 
complex. 

It may be noted that the situation with simple 
Au(IIT) halides AuX; which in fact are halogen 
bridged complexes? through demerization, is quite 
similar. AuCl; (red), AuBr; (dark brown) are stable; 
Aul; (green) decomposes soon into Aul and I, at 25°C. 


CONCLUDING REMARKS 

The evidences given are not enough to make the 
assignments of A; and d» unequivocal. Studies on 
polarization selectivity of the two bands in single- 
crystal spectra might give very useful information 
about their origin, e.g., p.—d.*_,2 band is expected to 
be polarized in the xy plane since the excited state has 
the symmetry E,, which also is the symmetry of « and 
y axes in Dy, group. The crystal spectrum of CsAuCl, 
has been reported by Japanese workers.” Unfortunately 
the crystal structure is not known and further the 
crystal spectrum is so much different from solution 
spectrum that no definite correlation seems possible. 

It is fortunate that KAuX, is soluble in a variety of 
nonaqueous solvents. Shifts in A; and A: with change in 
solvent polarity could give interesting information. In 
fact, \, and dz show red shifts with decreasing polarity 
of the solvent. This point is now being closely 
investigated. 

The shoulders on the tail of A: in the spectra of 
[AuCl, }, [AuBr, }- (Fig. 1) possibly represent crystal 
field transitions some of which might have been com- 
pletely obscured by the intense charge transfer bands. 
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By the use of methods previously introduced, we discuss in this paper the statistical theory of a dense 
fluid of molecules interacting with a square-well potential. The argument proceeds via the derivation and 
solution of a modified Boltzmann equation. The theory is used in two ways: (a) to provide a test of the theory 
proposed by Rice and Allnatt; (b) to estimate the attractive force contribution to the transport of mo- 
mentum and energy in a real fluid. 

The approach of Rice and Allnatt is shown to give a friction coefficient in agreement with experiment 
for liquid argon. 

The presence of the attraction has a marked effect on the transport of momentum and energy and the 
square-well-model fluid gives a surprisingly accurate representation of the properties of liquid argon. The 


computed thermal conductance and self-diffusion coefficient are in agreement with experiment: 


x(calc) 1.3310? erg/g-sec-deg, 
D(calc) 1.81107 cm?/sec, 


x(obs) 1.26X 10" erg/g-sec-deg, 
D(obs) 1.84 10-5 cm?/sec, 


and the temperature dependence of «/y is in qualitative agreement with the observed temperature de- 


pendence of this ratio. 


I. INTRODUCTION 


HE theory of transport in dilute gases has been the 
subject of intermittent investigation since the time 


of Maxwell. Aside from the practical considerations 
involved in applying the formalism to systems com- 
posed of real molecules, the formulation of the kinetic 
theory of dilute gases was completed by the elegant 
analyses of Enskog and Chapman.' Recent work has 
dealt with the fundamental physical basis of the theory 


and such classical concepts as that of ‘‘molecular 
chaos” have been elucidated by statistical mechanical 
investigations of the Maxwell-Boltzmann_integro- 
differential equation of transport.? The qualitative and 
quantitative agreement between calculation and ex- 
periment leaves little to be desired, and our confidence 
in the basic theory is sufficiently great that it is now 
used as a tool for the investigation of intermolecular 
forces. 

In recent years the theory of transport in dense 
fluids has been extensively developed, at least for- 
mally.? In general, momentum and energy transfer in 
a fluid are effected in two ways: by the direct motion of 
the molecules, and by the action of intermolecular 
forces. Whereas the former is the sole mechanism of 
transport in the dilute gas, the latter dominates in 

* National Science Foundation Predoctoral Fellow. 

t Alfred P. Sloan Fellow. 

1§. Chapman and T. G. Cowling, The Mathematical Theory of 
— Gases (Cambridge University Press, New York, 

2 For a recent review see S. A. Rice and H. L. Frisch, Ann. 
Rev. Phys. Chem. 11, 187 (1960). 

8J. O. Hirschfelder, C. F. Curtiss, and R. B. Bird, Molecular 


Theory of Gases and Liquids (John Wiley & Sons, Inc., New 
York, 1954). 


dense fluids. In the theory of Kirkwood,‘ the motion of 
an individual molecule, which is subjected to es- 
sentially continuous interaction with its neighbors, is 
analyzed with the aid of analogies from the phe- 
nomenological theory of Brownian movement. Explicit 
expressions are obtained for the flux vectors and for the 
frictional coefficient in terms of the intermolecular 
forces. Though the prescription is quite definite, the 
mathematical difficulties involved in evaluating the 
transport coefficients have been all but insurmountable. 
The results which have thus far been obtained have 
contributed materially to our understanding of the 
molecular mechanism of transport in dense fluids, but 
the quantitative agreement has been sufficiently poor 
that well-defined dynamical models, though they may 
be poor representations of reality, may still shed some 
light on both the fundamental assumptions involved in 
the formal theory and the mathematical approxima- 
tions utilized to obtain numerical answers from the 
formal theory. In two previous papers a detailed 
analysis has been presented of the binary collision 
mechanism for the transfer of momentum and energy 
in a dense fluid of rigid spheres.'.* The singular nature 
of the intermolecular potential enabled the analysis to 
be carried through explicitly by relatively simple 
means. Now, it is well known that in order to reproduce 
the temperature dependence of the equation of state or 
the transport coefficients, the intermolecular potential 
must contain an attractive as well as a repulsive force. 


4 J. G. Kirkwood, J. Chem. Phys. 14, 180 (1946). 

5S. A. Rice, J. G. Kirkwood, J. Ross, and R. W. Zwanzig, 
J. Chem. Phys. 31, 575 (1959). 

®R. A. Harris and S. A. Rice, J. Chem. Phys. 33, 1055 (1960). 
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In particular, the square-well potential will fit both the 
second virial coefficient and the transport coefficients 
of a dilute gas over a wide range of temperature, but 
the parameters used for different properties are neces- 
sarily different. This difference in parameters reflects 
the fact that the square-well potential is not an ac- 
curate representation of the true intermolecular inter- 
action. However, again due to the singular nature of 
the square-well potential, calculations can be extended 
quite far by relatively simple means, and despite its 
shortcomings, the square-well potential should repre- 
sent a zeroth-order approximation to the effect of at- 
tractive forces on the transport properties of a dense 
fluid. In this communication, a modified Boltzmann 
equation shall be developed which describes the change 
of singlet space distribution function for a dense gas of 
rigid spheres with a square-well attraction. The trans- 
port coefficients will be formulated, and the role of time 
smoothing and multiple collisions further commented 
upon. 

The theory developed herein will also be used to test 
the theory of transport proposed by Rice and Allnatt.’* 
These authors developed a modified Boltzmann equa- 
tion by separating the interactions in a fluid into a 
rigid core and a soft attractive intermolecular po- 
tential. The hard core was treated as in the theory of 
the dense rigid-sphere fluid while the attractive interac- 
tion was handled in the Fokker-Planck approximation. 
In Sec. V of this paper the attractive force contribution 
to the modified Boltzmann equation for the square-well 
model is reduced to a Fokker-Planck expression and, an 
attractive potential friction coefficient is calculated for 
argon at 84°K. 
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II. DERIVATION OF TRANSPORT EQUATION 


As an aid to the reader we first briefly review the 
general reduction of the Liouville equation to a form 
which can be manipulated. Consider a one-component 
system containing NV structureless particles with the 
positions and momenta specified by the vectors Ri-:-, 
Ry, pir**Ppy. The normalized specific distribution 
function satisfying Liouville’s equation is given by 


he, 
Tat [Pl ve, f+F i Wy, =O, (1) 
Ot = jun | ™ 

where R;, pj, and m; are, respectively, the position, 
momentum, and mass of the jth particle, and F; is the 
total force exerted on the jth particle by all the other 
molecules in the system. 

Equation (1) will be used to obtain the reduced 
distribution function, f(r, p; ¢), defined by 


f(r, p; 2) =f. fru, p,Q, P;/)dPdQ, (2) 


where fr, p are the coordinates of the subset of m par- 
ticles and Q, P are the coordinates of the remaining 
subset of N—n particles. Coarse graining in time, as 
defined by the relation 


a 1 ff? 
T/o 


will also be employed in the following analysis. Coarse 
graining is discussed in detail by Kirkwood,‘ and by 
Rice and Frisch.? 

Assuming the intermolecular force F; to be given by a 
sum of pair forces, it may be shown that 


I: , . [Fw Vink (s)f (Ri, Re’, pr’, po’ j 1) dRedpedsdRy'dR.'dp;'dp,’ (4) 
0 


N 
== foe [Pye Vat Bie Vad AO (9)f2-9 (RY, RY, By’, Px'/QP; 1) dPAQUPaQ’, (5) 


j=3 


where the transformation function, K™ is defined by® 


{™ (rp; t+s) =|: ; [Ko (epee s)f{™(r'p’; ddr'dp’, 


K™ (rp/r’p’; s) =|. , . [> (epQP/r’p'OP’; s) fi» (r'p’/Q’P’; t)dPdQdP’dQ’, 


with 


f(r, p, QP; 1) =f (rp; Hf" ™ (rp/QP; t). 


For further details of this derivation, the reader is referred to reference 5. 


7S. A. Rice and A. R. Allnatt, J. Chem. Phys. 34, 2144 (1961). 
8 A. R. Allnatt and S. A. Rice, J. Chem. Phys. 34, 2156 (1961). 


®These phase space distribution functions are discussed in detail in J. Ross and J. G. Kirkwood, J. Chem. Phys. 22, 1094 


(1954); J. Ross, ibid. 24, 375 (1956). 
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III. DENSE FLUID WITH A SQUARE-WELL POTENTIAL 


A “square-well” fluid is defined as one composed of particles which interact according to the following pair 
potential: 


V(R;;) =0, Rjj> 02, 
V (Rij) =e, a1< Rij<oe, 
V (Rij) =+%, Rion. (9) 


In this paper utilization is made of the fact that all the intermolecular forces in a “square-well” fluid are im- 
pulsive; i.e., any collision is instantaneous. Thus, for coarse graining, a time scale is chosen such that r—0+. 
Because the forces are impulsive, only isolated binary collisions can occur in that time interval. Then, if, for 
example, molecules 1 and 2 are considered, the only nonzero force in the time interval r-0+ is Fy, and Fi;= 
F.;=0, 7#1, 2. In the limit as 70+, Eq. (5) reduces to the relation 


0K® 2 ’ 
lim ~ 4Piy Ko4e. Vea KO+Fp- Vp KO+Fu- VK =(), (10) 
m m 


r>0+ OS 


Equation (10) is a Liouville equation in pair space for the transformation function K®, and the formal solution 
can be written as 


K®(R,, Ro, pi, po/Ri’, Re’, pi’, po; s =[[sR,- R,’— AR,(s) Jé[p;— p;’— Ap;(s) ]. (11) 


j=1 
Solving Eq. (10) for Fi.* V,,K® and substituting the result into Eq. (4) leads to the following equation: 
(Af /at) + (p/m) + Va, f =%+2, 


Rs OK 
—| [- [je (Ry, R.’, p?’, Pi ’; t)dRedpodsdR,'dR, ‘dp,’ dp.’ 


N—1 


ee — |’ J. /(® Tate Pv a) Ke »(s)f(Ry’, Ro’, pi’, po’; 1) dRedpodsdR,dR.'dp;dp.’. (12) 


Integrating over ds in Q and replacing f®(Ry’, Ro’, p,’, po’; t) with go®(Ri’, R.’)f® (Ry, pi’; Of (Re’, pa’; 2) 


leads to the collision integral 
_N —1 
Q- —f.. -fietp- p:’— Api (r) Jd p.— po’ — Ape(r) J80Ri— Ry’— ARi (7) J6[Re— Ro’— AR, (7) | 


— 6(Ppi— pr’) 6(Ppe— po’) 6(Ri— Ry’) 6(Ro— Ry’) } go (Ra’, Ro’) f (Ri, pr’; Hf (Re, Pe; t) dRodpodR,'dR.'dp,'dp.’, 
(13) 


where the pair correlation function, g®(Ry’, Re’, px’, px’; t), has been approximated by the local equilibrium pair 
correlation function, go (Ri, Re). When the integration over the primed coordinates in Eq. (13) is carried out, we 
find 


ff (go®[Ri—ARi (7), Ro—AR2(r) ] fLRi—ARi (7), pi— Apa (7) ; £] fDR— AR» (7), po— Ap»(7); 4] 


— go (Ri, Re) f (Ra, pis 2 f (Re, Po; 4) }dRedps. (14) 


Due to the discontinuous nature of the square-well potential the momentum changes occur only at Ry=o; 
and Ry=02. Hence, by coarse graining in the limit 0+, the collision integral Q; will be seen to equal zero except 


for Ry»=0, or o.[ AR(r)—0 as r-0+ ]. To evaluate 2, the integral is divided into three partial collisions result- 
ing from 


(a) hard-core collisions, Ry=a1; 
(b) particle 1 entering the ‘“‘square-well” of particle 2, Re=o2; 
(c) particle 1 leaving the “‘square-well” of particle 2, Ri=o2. 
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Furthermore, the term due to (c) can be divided into two parts: one part resulting when the relative kinetic 
energy of two particles is greater than the depth of the attractive well, and the other part resulting when the 
relative kinetic energy is less than the depth of the attractive well—the latter can be called a “bound particle.” 
Hence, with the above subdivision, we write 


=2,%+0,0+0,9+40,4, (15) 
Transforming the coordinates Ry, Re to Ry, Ri and considering the limit as 70+ results in the following col- 
lisional shells for each type partial collision: dRe=dRy» = (7g-k)o:°dk for hard core collision (Q;\"), dRe=dRn= 
(7r8-k)o.*dk for each type of partial collision occurring at the “square-well” brink (Q:°, 2, 2;), where = 
(Pp»/m) — (p:/m) and k is a unit vector in the direction of the line of centers of the colliding spheres at the instant 


of collision. Equation (15) can now be written, with constraints appropriate to each type collision, as 2g 
Hard-core collision (Q)") : 


Q)=0"(N— » ff Cf (Ra, pi— Ap.™; 2) f (Rit-oik, p.—Ap.™; 2) —f (Ry, pr; )f (Ritoik, po; t) ] 
g°k>0 


X go ( R,, R,+0;k)¢- kdkdp». 


Type-a collision (Q,®) : 


+o7(N— 1) | Cf (Ri, pi— Apr; 4) f© (Ri+ork, po— Ap.; ¢) exp(e/kT) 


gk>0 


~f(Ry, prs Df (Ri-tosk, ps; t) Jgo®*(Ri, Ri-touk)g-kdkdp». 


Type-b collision (Q;°) : 
+o2(v—1) ff Cf (Ri, pi— Ap.™; 4] f (Ri+ork, pp—Ap.™; t) exp(—e/kT) 
g-k<—(4e/m)) 


—f" (Rs, Pi; t){ (Rit+ok, P2; t) \go( Ri, Ri+oxk)g-kdkdp». 


Type-c collision (Q)) : 


+o2(N-1) ff Cf (Ray, pi— Ap ; 2 f (Ri+o2k, po— Ap.; 2) 
—(4e/m)t<g-k<0 


—f™(R, Pi; t)f(Ri+oek, P2; t) ‘Heo (Ri, R,+o:k)¢g+kdkdp». (16) 


The factor exp(—e/kT) arises from the use of the relation go (Ri, Rit-ook) /go*(Ri, Rit-ook) =exp(+e/kT), 
where go is the pair correlation function at o.—6 and go®* is the pair correlation function at o2+6 with 6—-0-+-. 
Consider now the integral 2:. By integration over the primed coordinates 


N-1 . . 
sini I f / (Pi-vn+ Pv 1a) f(Ri, Re, Pi, Po; (+5) dsdRedpe. (17) 


The distribution functions are slowly varying in space so that f®(t+s) may be expanded in a Taylor’s series 
about f(t) and terms of higher order than the gradient of f®(#) neglected. With this substitution, Eq. (17) be- 
comes 


Q = (v=1) ff CCu/m) « Ve. (P2/m) *Va. lf (Ri Ro, pi, po; 4)dRedp», (18) 


where the integration over ds simply cancels 7 since f®(¢) is independent of s. By again transforming Ri, Re 
R,, Ri, Eq. (18) becomes 


= (N=1) ff 8+ Ven f®(Ry, Ri+Riy Pry Pos Rup, (19) 
R 


12271 


where the constraint Ri2> 0; is due to the hard core of the square-well model. We can transform Eq. (20) into a 
surface integral, but in so doing we must remember that f™ has a discontinuity at Riz=o2. We must write 


/ Vain f (Ru) aRu= [ Vat (Ri) dRit Van f® (Riw)dRx, (20) 
Ry22>%) o 


2-5>Ry>0, Ry2>o9+d 
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where 60+. Now both integrals on the right-hand side of Eq. (20) are integrated over an interval in which f® is 
continuous, and, consequently, we can transform the volume integrals. Since f® is zero at the boundaries of the 
system 

J Ven f (Ry) dRw=o;2 / f® (ok) kdk—o | fC (o2—8) k ]kdk-+o." i fC (ox-++8)k Tkdk 


and 


Q2=077( N-1 ffs, Ri+ok)f (Ri, Pi; t)f® (Ri+oik, Pe; t)g-kdkdp, 
—o»"( \V- 1) f[esR, R,+o2k)f® (Ry, Pi; thf ( R,+ok, Pe; t)%-kdkdp» 


+o7(V—1 ffe*(R, Ri+o2k)f (Ri, pr; Of@ (Rit-ook, po; 1)g-kdkdp», (21) 


where the integration is over the surface of a sphere. The sphere can be divided into two hemispheres with the 
result that 


Q,:=07(V—-1 ff go (Ri, R,+0;k)f (Ry, Pi; t)f™ ( R,+ok, P25 t)é-kdkdp» 
g:k>0 


+a;7( N- 1) ff go (Ri, Ri+o1k) f® (R,, Pi, t) f® (Ri+oik, Pe; 1)%-kdkdp- 


*k<0 


+o," V-1 | go? *( R,,’Ri+ook )f™ (Ri, Pi; t)f™ (Ri+ok, Ps; t)g-kdkdp» 
g-k>0 


9 ( V- » ff go" + R;, R,+o.k ) fF ( R,, Pi; t) f™( R,+ook, Pz; !)$-kdkdp» 
g-k>0 


2(N-1 ff g(Ri, Ritork)/(Ri, pr; 1) f(Ritook, ps; )$-kdkdp. 
g-k>0 

2 ( N- 1 ff go" { R,, Ri+o2k) f® ( R;, Pi; t) f (Ri+ok, Pe; 1)&-kdkdp- 
gk<0 


=o7(N-1 fi [ go? (Ry, Ri+oik ) f° (Rit+oik, Pe; ¢) — 80 ( Ri, Ree) (ORs om, sn 9 
z-k>( 
xf(Ry, Pi; /)¢-kdkdp. 


Sori N—i [/ [go*(R, R,+o2k)f® (Ri+ook, Pe; 4) — go *(Ri, Ri—o2k )f (Ry—oek, P2;/) ] 
""ekbd 
x fe (R,, Pi; t)$-kdkdp, 
+o7(N— 1 ff Leo ( R;, R,+o.k )f™ ( R,+o-k, Pe; t) — gy ( R,, R,—o.k ) f ( R,—oek, Pe; t) ] 


5 


Kf (Ri, pr; OS kdkdp, 


go" { R,, R,+ook yf ( R\+ook, Pe; t) — go (Ry, R,— ok) f© (Ri—o., P2; t) ] 


k<0 


xf (Ri, Pi; )8-Kdkidp,. (22) 


Note that when the term with the constraint $-k <0 is divided into two terms, with the constraints $-k<— (4e/m)! 
and — (4e/m)!<g-k<0, the sign is reversed. This is because on the hemisphere denoted by §-k <0 the interval of 
integration is from @=cos-(0) to @=cos~!(—1), while the term appearing in Q, with the constraint g-k< 
— (4e/m)! is integrated over the interval from @=cos~!(—1) to @=cos—[— (1/g) (4e/m)*]. Hence, the limits are 
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reversed, and we must multiply by minus one the terms acquired by dividing the g-k<0 interval in order that 
the constraints, $-k<— (4e/m)* and — (4e/m)!< §-k<0, have the same meaning in Q as they have in Q). 
Equation (16) is now added to Eq. (22). 


Q=Q,4F22 


=o(V—1) | eb Rs Ritoik) (Ri, pi— Api; )f (Ritoik, p.— Ape; 1) — go (Ri, Ri— ik) 
XfO (Ry, prs )fO(Ri-oik, po; t) 18-kdkdp, 
+o2(N-1) f Lay (Rs, Rictook) f2(Ri, P= Api; (Ri-tadk, Pa Ap”; ) —*(Rs, Ri—aik) 
‘a «(Ra pr; Of (Ri-—ook, po; t) 1g-kdkdp» 
+o2(N-1) ff a Loo "(Ry Ritork)/ (Ri, Pi— Ap, ; #) f (Ri+-ook, po— Ap. ; 1) — go (Ri, Ri— ork) 
with fO(Ri, pr; YS (Ri-ook, po; t) g-kdkdp, 
+02(V—1) ff see cba (Ru, Ritrosk)f (Ra, Pr— AP; 1)f (Ritoak, Pe— Ap»; 1) — go (Ra, Ri— ak) 


Xf CRa, prs Of (Ri—ork, po; 1) g-Kdkdp.. (23) 


Equation (23) representing the collisional contribution to the transport equation is seen to be the Enskog result 
for hard spheres plus three partial collision terms due to the attractive potential of the ‘‘square well.” All four 
integrals have the Enskog type kernel. One of us (J.V.S.) has shown that the same result could be derived using 
the concept of direct and inverse collisions which Enskog used in formulating his theory of a dense hard-sphere 
fluid. 

Q can be written, following Rice and Allnatt, as 

Q=Qy+ ( 24) 
where {2 is the hard-core contribution, given by the first integral in Eq. (23), and &, the soft collision contribu- 
tion due to the attractive potential, is given by the sum of the last three integrals. 

IV. HEAT FLUX AND STRESS TENSOR FOR THE DENSE “SQUARE-WELL” FLUID 
Irving and Kirkwood," using Kirkwood’s postulate* that an observable quantity be identified with the ensemble 


average of the corresponding time coarse grained microscopic variables, derive the following relations for the 
stress tensor 6 and heat flux q: 


N tT 
éx(Ri;) =—- >> [ . fof L( p/m) —u jl (px/m) —u jb Ry— Ry) fdsdRaP, 
0 


k=] 


N T 
ax (Ri; 1) =3m>> [ . fr: if C(pi/m)—u} (py/m)—u 26(Ry—R,) / 'dsdRaP, 
0 


k=1 


N N tr 
éy (Ri; t) = >> > [- 2 [i f Ru VV (Rj) 6(Rj— Re) 6(Ry— Ri) f'dsdRdPdRy, 
0 


j=l k=1 


' = | Tt 
qv (Ri; ih=>> Yer f {LV (Rye) 1— Ry VV (Rx) J 
0 


j=l k=1 


<L((pi/m) 6(R.— Ri) 6(Rj— Ri) 3 f )—u(6(Ri— Ri) 6(Rj— Ri) 5 f™ ) J} dsdRy, 


where the notation 


(asf) =f . -faiR, P){dRdP (29) 
has been used. éx and 6, are the kinetic and intermolecular force contributions to the stress tensor, and qx and qy 
are the kinetic and intermolecular force contributions to the heat flux. By direct integration the equations can be 
reduced to pair distribution functions which can then be related to the singlet distribution functions. 


1 J. H. Irving and J. G. Kirkwood, J. Chem. Phys. 18, 817 (1950). 
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Equation (23) is solved by a procedure following the Chapman-Enskog solution of the Maxwell-Boltzmann 
equation. The singlet distribution function is written as 


f =f (1+¢), (30) 
where fo” is the zero-order local equilibrium singlet distribution function, 
fo =[(2rmkT)—4/0] exp[— (pi— mu)?2/2mkT ], (31) 
and ¢ is the perturbation. The perturbation function ¢ can be shown to have the form 
@=A+ Vp, InT+B:Veu, (32) 
where A and'‘B are evaluated in terms of Sonine polynomials using a variational method introduced by Hirsch- 
felder and Curtiss.* From detailed calculations, to be presented in Appendix I, the values of A and B are found to 


be 
A=a(3—W2)W, (33) 


B=),(WW—iW"1), (34) 


(15/40) (1+ 2bpA) + (324/20?) o23(N —1) go (2) s? exp( -s|7+2 exp(s?) | exp(—st) de] 





V2[8(N—1) a/v?) ]{A+022g0 (02) exp(—s?) g3s'} ; 


~S(R) 14% A) — 5 J 2° (N—1) go (o2) 5? exp(—s?) “42x cf exp(— 2?) 2’dx 
V2\2kT) © OO Bae DRT & : P( 


[8(N—1) w/e") {A+o:%g0 (02) exp(—s*) (s#/12) 





(36) 


A=} {01790 (01) +02? go (a2) Lexp(—s?) +1]} —o2?go (a2) exp(—s){5 -- — ran exp (— x?) x? (x? +5?)\dx}, (37) 


W=(m/2kT)* (p/m) —u], (38) 

= (¢/kT)}, (39) 

bp A= (2m/30) (N—1) {or'go™ (01) +-02°go™ (a2) Lexp(—s?) —1]}. (40) 

In Eqs. (33)-(40), u is the local hydrodynamic velocity, T(R:; ¢) the local temperature, I'(v, s?) an incomplete 
gamma function, W,,,(s?) a Whittaker function, and K,,(s?/2) a Bessel function of the third kind with K,’(s?/2) 


the derivative of the same." 
When time-smoothed over the interval 70+, Eq. (25) and Eq. (26) reduce to 


~ éx=—N [ie a(F - uP —u)ips, 


lim a= [joc |B u (P—u)ip. 
ot m | \m 


Equation (30) is substituted into Eqs. (41)-(42), and the integrations are carried out leading to the expressions 


5 kN/(2k7 ; 
== 4 eee OV T (43) 


kT kT k7 kT 
6x = ———Nbo® [3(Veut Veut)—3 Va," ei}--—Vi~- = Nb (2-4 Vari‘ ul)——-N1. (44) 


Vv 


1 These higher transcendental functions are discussed in detail in A. Erdelyi, W. Magnus, F. Oberhettinger, and F. Tricomi, 
Higher Transcendental Functions (McGraw-Hill Book Company, Inc., New York, 1953), Vols. I and II. 
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The dagger designates the transpose of Vz,U and e is the rate of strain tensor: Comparison of the phenomenological 
equations 


6=—[P+(3nx+3n—) Ve,U]1+2(ne+n)e (45) 


q=— (kx+kv) Va,T, (46) 
with Eqs. (43)-(44) leads to the results 


kx=4(kN/0) (2kT/m)*a®, (47) 
nx = — (kT /2v) Nb, (48) 


where nx is the kinetic contribution to the viscosity, xx is the kinetic contribution to the heat conductivity, and p 
is the hydrostatic pressure. 
Turning now to Eq. (27) and integrating over dRi-+-dRy, dps: ++-dpy, the resulting relation is 


éy =43[N(N-1)] i / 435 j Re VV (Rw) f (Ri, Rit Ry, Pi, Po; ¢)dsdpidpdR». (49) 
0 


In the limit as r>0+, —JVV(Rxw)ds is equal to the change of momentum in a binary collision. As in Sec. III, 
there are four “partial’’ collisions to consider: 


(1) hard core, $-k>0, Re=a;; 

(2) type a (entering the square well), $-k>0, Ri=02; 

(3) type 6 (leaving the square well), $-k<— (4e/m)*, Re=02; 

(4) type c (“bound particle”), — (4«/m)!<g-k<0, Ri=o2. Hence, Eq. (49) reduces to 


lim éy (Ri; t) = 4N(N— fff oSkApyf (Ri, R,+0;k, P1, P2; t)g-kdkdp,dp, 
g:k>0 


Tt 0 


+3N(N—- vf oSkApy™f (Ry, R,+o.k, Pi, Po; 1)$-kdkdp,dp» 
@°k>0 
+4v(v—1) fff oFkApy®f (Ri, Ritook, pi, pe; )&-kdkdpidp» 
g-k<—(4e/m)4 


+4N(N—1) i] f / SEO cg 7? RAPS (Re R,+o2k, pi, po; 4)&-kdkdp,dp». (50) 
Consideration of the binary dynamics of each partial collision leads to the relations: 
(1) hard core, Apr“? = — 2mg-kk; 
(2) typea,  Apw® =m{—g-k+[(8-k)?+ (4e/m) }'}; 
(3) type 6, Apu =m{—g-k—[(8-k)?— (4e/m) }!} k; 
(4) typec, App“ =—2mg-kk. (51) 
_ Replacing g®(Ri, Re, pi, pz; #) by the local equilibrium pair correlation function go(Riz), and expanding 
f(Ri+ck, pe; ¢) in a Taylor’s series around R, we find 
fF (Ri, Ritck, pr, po; 4) =go (o) [F(Ri, Pas YF (Ra, Po; 4) +f (Ri, Pr; Yok+ Ve, f (Ri, Po; 4) }. (52) 


Equations (51) and (52) are now substituted into Eq. (50), then Eq. (30) used for f with terms of order Vay 
neglected. If fo and ¢ as given by Eqs. (31) and (32) are substituted into the resultant equation, and the inte- 
grations carried out explicitly, the following results are obtained: - 


6= 6x+ dy 


kTN, NET, NkT 8x! 4kT 
‘ 1 bo (e—4 Vp, ul)———bp A1—})°—N (N -1(— ye =~ i 
) v 150? m 8 


exp(s? dr 


+o25g5” (a2) s? exp(—s)| E+ 2 


P(g, )-F] he $Vp,-ul) 


+[8N (NW —1) /150?](armkT)}{ o14go (01) +0240 (2) exp(—s*) Z(s?)}(e+3Ve,-ul), (53) 
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where 
A= {argo (01) +09° go (a2) [exp(—s?) —_ 1}} 
= (s*) = exp(s*) — (52/2) +(s?/2) exp(s?/2) Ki(s*/2) 


lim (s?/2) exp(s?/2) Ki(s?/2) =—1. (56) 


80 


In considering the intermolecular force contribution to the heat flux, Qp», it is easily seen that the term involving 
V (Rj) 1 is zero, since [f Wap vanishes. The other term in Eq. (28) is seen to be 


N N T 
hoc >> (27): if JiC-Ra vv (Re) JC (p/m) 6(Ry- Ry) 6(Rj— Rz) sf ) 
= =| 0 


j=l k 


—u (6(Ri— Ri) 6(Rj—R:2) ; f™ ) }}dsdRiz 
=3N(N-1 fff 2r) if [—Ry»VV (Ry) 1[Pi-u+P—ulporr, Ro, pi, Po; t)dpidpedsdRw. 
JJ 9 m m 


By the use of the same sequence of substitutions and expansions detailed for the calculation of the stress tensor, 
the heat flux is found to be 


q=4«+qv 


5 kN /2kT ee k(2nkT\} (x , . , 
= —_ ‘1 Vp, T—-N(N—1)a0~ . —A-+o25g9 (a2) s* exp(—s*) 
4 0\m v\ m \2 


sx’ exp(s?) . fe 9 2 2) Fa 62 
oe : r(3, »)}} Vn, T—§N (N—1) (R/0?) (xkT/m)} | ox'g0 (01) +o24g9 (a2) exp(—s?) Z(s?) } Va,T 


(58) 
where =(s*) was defined by Eq. (55) and a™ is given by Eq. (35). 


Thus, comparing Eqs. (53) and (58) with the phenomenological equations which define the thermal con- 
ductivity x, the shear viscosity n, the bulk viscosity ®, and the pressure ~, shows that 


k/rkT\} 5 Nk/2k7\3 
x=3N( y-1) (=) { ox*go (01) +o24go (a2) exp(—s*) E(s*) } +7 (= a) 
h/QekT\8( 93 . Fc a P 
—N(N—1)a ( ~ ) | A + 0:3g0 (02) 5? exp(—s)| E54 SP) 3, 5”) , (59) 
v\ m /|2 / 3 


4 N(N—1) 


NkT 
1502 (amkT )* | o14go (01) +o24go (a2) exp(—s?) Z( Mima” 
ov 


2x} NkT s 
—by- 7 A+3?a25g9 (2) exp(—s?) 


T 
2 S 


5 2 


} xp(s? 2s 
fen) a “5, ” 


&=[4N (N—1) /9v? ](amkT)*{ 01*g0 (01) +-o24go (02) exp(—s*) Z(s?) }, (61) 
p=(NRT/v)+(NRT/v) bp A. (62) 
Longuet-Higgins and Valleau” have calculated a zeroth approximation to the transport coefficients using the 


square-well model. The zeroth-order approximation can be obtained from Eqs. (59)—(62) by setting the perturba- 
tion function equal to zero, i.e., a =bo =0. In this case Eq. (59)-(62) reduce to exactly the same expressions 


12H, C, Longuet-Higgins and J. P. Valleau, Mol. Phys. 1, 284 (1956). 
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found by Longuet-Higgins and Valleau, namely, 


_4N(N=1) 


No ——(armkT)*{ax4go (01) +a24g0 (a2) exp(—s*) Z(s*) } (63) 


150 
and, subsequently, 
ko/mo=3(k/m); = mo/P=5; ko /P=3k/2m. (64) 


As usual, in order to make a theoretical prediction for the absolute values of the transport coefficients, the pair 
correlation functions go°’(¢,) and go (o2) must be evaluated in some separate analysis and the parameters 0, a2 
and ¢ must be known. 

The parameters 01, 02 and e have been determined for argon from the viscosity of the dilute gas.* Instead of 
using theoretically computed values of go (o,) and go (o2), a numerical calculation for argon can be made by 
giving n in Eq. (60) the experimental value" of 2.8 millipoise at 84°K and solving Eqs. (60) and (62) simul- 
taneously. With the aid of the equation of state in this region the numerical values for the pair correlation func- 
tions for argon at 84°K are 

(.V2/v2) go (01) =3.1 10% cm-*, (65) 


(N?/t*) go (02) =5.4X 10 cm, = 


Using these values and Eq. (59), « is predicted to be 1.33 10? erg/g-deg-sec as compared to the experimental 
value of'® 1.26X 10, and the predicted ratio, «/n, is equal to 4.7 10®. The experimental value of «/n is 4.5X 10° 
while the zeroth-order ratio, Ko/no is 5.2 10°. The units of «/n are erg/g-deg. 

According to the experimental data listed by Longuet-Higgins and Valleau «/y increases with increasing tem- 
perature. This variation with temperature cannot be accounted for by the zeroth approximation. However, it is 
easily seen in a qualitative manner that the first approximation does predict the correct temperature dependence. 
We can write n»=+A and k=xo+B. In this form the variation of «/n can be predicted from the ratio B/ A. For 
further simplification consider the case when s?<1. To first order in s* we find 


B_ 3k i- ( Nr/ 2v) | A+ 02° g9 (a2 )s?} 


A 2m4+(2Nx/15v) | A+o2%go (2) 52} 





(67) 


s?=¢€/kT decreases as T increases. The numerator of Eq. (67) increases as s? decreases and the denominator de- 
creases as s* decreases. The net result is that the ratio increases with an increase in temperature. Correspondingly, 
x/n is predicted to increase with temperature as is observed experimentally. The proper variation is of course 
predicted without reducing a“ and bo“ to the case when s?<1. However, due to the complexity of the form of 
a” and bo, the trend cannot be observed simply by inspection. 


V. FOKKER-PLANCK EQUATION 
In two recent papers Rice and Allnatt’* have separated the interaction in a fluid into a rigid core plus a soft 
attractive interaction. The rigid-core interactions are handled as in the theory of the dense rigid-sphere fluid, 
while the attractive interactions are treated by the Fokker-Planck approximation. Using this procedure they 
derive the following equation for the singlet distribution function: 
(Of /dt) + (pi/m) + Vay f =Qu+Q,, (68) 


where Qy is the Enskog dense rigid-sphere collision integral, and Q, is the attractive force contribution and can be 
written as 


Q,= Vi|¢{(P—u)jo- +4 TV nF ®— Vor (Ff) i} (69) 


The friction coefficient in Eq. (69), ¢, is defined by 


r 0+ R 
f= (3rk rf | [- ° - [Fu (Re) -Fy6| Ret (+9) jen pa Pr PaQdsds’, 
O+/ —s m\ QP 


8 E, M. Holleran and H. M. Hulburt, J. Chem. Phys. 19, 232 (1951). 
4 N.S. Rudenko and L. W. Schubnikov, Physik. Z. Sowjetunion 6, 470 (1934). 
6 A, Uhlir, Jr., J. Chem. Phys. 20, 463 (1952). 
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where the relative probability, fo“/"—» is defined by Eq. (8), Fis“ is the attractive force between particles 1 and 
2, F, the total attractive force on particle 1, and F,* the sum of the average total intermolecular attractive force 
on a molecule fixed at R; and a perturbation due to the deviation of f/"—» from its equilibrium value. The friction 
coefficient ¢“ is defined in terms of only attractive potentials. 

It is of interest to calculate the friction coefficient as given above for the “‘square-well” fluid. As seen in Sec. III 
of this communication the collision integral 2 consists of a sum of the usual Enskog dense rigid-sphere collision 
integral Qy and an attractive contribution given by the last three terms on the right-hand side of Eq. (23). These 
contributions may be reduced to the Fokker-Planck form by expanding f(p—Ap) in a Taylor’s series in mo- 
mentum space about p, and truncating the expansion after the third term. If the coefficient of f(1) in the result- 
ing expression is identified with the coefficient of f(1) in Eq. (69), the following expression for ¢“ is obtained: 


($/m)f(1) =M 


M =0:'g0 (a2) (N—1) | / | Fa) [Ap2+ Vp, f (2) +4 (Ap2™)? Vp.'f™ (2) } 
g-k>0 


+more fo (1) fo (2) k- Ve (Apo /mkT) + (P-u)}+01 —exp(—s?) ]f(1)f(2) Je-kakep, 
m 


+exp(—s*) o2?go% (02) (V—1) If Ex 1) {Ap.®- V,,f (2) +4 (Ap) ?V,2f (2) } 
g-k< } 


<—(4e/m) 


+-masiy (1) fo (2) ke Vn (Ap, /mkT) (Pu) }+11-ex(s )1F™ (1) F (2) Je-kakp. 
m 


+2729 (a2) (N— » ff | Fc) {Apo Vent (2) +1(Ap.)?V,.27 (2) 
—(4e/m)i<g-k<0L 


D 


+may fo (1) fo (2) k- Va (Apo/mkT) - (? -u)) fe kdkdp., (71) 


m 


where the truncated expression 
f®(p, R+ok; 1) =f (p, Ru; !) +ok- Ve. J®(p, Ri; 4) 


has been used for f(1) and f(2), and where ¢“ has been assumed to be independent of momentum. ¢“ can 
now be evaluated by substituting the binary dynamics given by Eq. (51) into Eq. (71) and integrating over dp. 


Then 
(=m { Map, / {9° Q)ap=mof maps. (73) 


Equation (73) may be evaluated numerically for argon at 84°K using the value of go®(¢2) calculated in the 
preceding section and the dilute gas values of o2 and e.!* The combination of these data leads to 


6 =5.8X 10-" g/sec. sing 


Rice and Allnatt guessed ¢“ as 2.4X10~ g/sec and found a relaxation time equal to 3.3X10-" sec, which is 
intermediate between 6X10~" sec for the rigid-sphere fluid and 1.55X10-* sec for Kirkwood’s Fokker-Planck 
approximation. The quoted guess was not based on an evaluation of Eq. (70) and, although obviously low, in no 
way reflects on the theory. The fact that ¢>¢“ does show that two meaningful time scales can be defined in a 
real fluid and therefore to a considerable extent validates the fundamental physical idea of the Rice-Allnatt theory. 
For further discussion of this point, the reader is referred to reference 7. 

Using the value of 5.8X 10~"° g/sec calculated above leads to a relaxation time of 1.37 10~ sec. In view of the 
large calculated value for ¢“ it can be concluded that most of the contribution to ¢ comes from the attractive 
forces. The hard core contribution, ¢“, has been found to be 0.6 10~" g/sec.'® Using this value the diffusion 
coefficient of argon at 84°K can be calculated from 

Deste=kT/§ =kT/ (E+E) =1.81XK 10 cm?/sec. (75) 


16 E. Helfand, Phys. Fluids 4, 1 (1961). 
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The most recent measurement of the diffusion coefficient of argon gives!”:!”* 


Dexp = 1.53X 10- cm*/sec, (76) 
while an earlier work reports 
Dexp = 2.07 X 10 cm?/sec. (77) 


In either case the agreement of the Deaic with experiment is very good considering the crudeness of a ‘‘square-well” 
model. 
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APPENDIX I 


It is the purpose of this Appendix to describe the details of a calculation of the first-order perturbation to the 
local equilibrium singlet distribution function in a dense square-well fluid. In the following the modified Boltzmann 
equation is solved by a perturbation procedure analogous to the Chapman-Enskog solution of the dilute gas 
Maxwell-Boltzmann equation.' Although the general variational procedure used is well known,’ our analysis makes 
much more use of certain orthogonality relationships than has hitherto been the case. Also, unlike previous calcula- 
tions, we do not utilize the various reduced and weighted collision cross sections characteristic of the interaction 
potential. It will be seen that a complete analytic treatment can be given if in place of these cross sections, the 
concept of partial collisions is introduced. To our knowledge, this is the first complete analytic description of a 
dense fluid with both attractive and repulsive interactions. It is also, so far as we know, the first completely analytic 
treatment of the square-well potential since, even for the dilute gas case, the use of various collision cross sections 
has hitherto forced extensive numerical calculations.'* Our purpose is to solve Eq. (12) with Eq. (23). 

In the following analysis we shall evaluate go (Ri, Ri+ok) in terms of its value at equilibrium. Neglecting 
derivatives of higher order than first we obtain 


go (Ri, R,-+ck) = go (oc) +4ok- Vago” (Ri, a) 
= go? (0) +4 exp(€/kT) ok+[ Varigo®*(Ri, 7) — (€/RkT?) go * (Ra, o) Ve, T], (Al) 


where go *(Ru, «) exp(e/kT’) =go® (Ra, o). The distribution function, f (Ri+ck, po; ¢), is expanded in a Taylor’s 
series about Rj, and the expansion is terminated after the second term. Using the above expansions, Eq. (12) be- 
comes 


Lf (1) =Iit+-Jo+Js, 
where 
J; =f Cf (Ri, Pi— Ap; tf R,, pP.— Ap.; 2) —f(R,, Pi; tf (Ri, P»; ¢) 1g: kdkdp, 
g-k>0 
+2 exp(—¢/kT) I / Lexp(</kT)J (Ri, Pi— AP. ; HF (Ry, P2— Ap”; £) 
gk>0 


—f(Ri, pr; YF (Ra, pe; 4) ]8-kdkdp, 


iff Lexp( e/k F(R, Pi Ap.®; t) FO (Ry, 2 - 2) ; t) 
gk<—w p —-Ap 
F® (Ra, Pi; HF (Ri, Pe; t) 18-kdkdp, 


+72 I Cf(Ri, pi—Ap.; DFO(Ri, po—Ap.; )—-F(Ri, prs YF(Ri, po; A) ]g-kdkdp»,, (A3) 
—w<g:k<0 


7 Cini-Castagnoli and F. P. Ricci, J. Chem. Phys. 32, 19 (1960). 

Ma Note added in proof. Recent unpublished measurements by Nagizadeh and Rice give 1.84 10-* cm?/sec. Because of the wide 
range of T and p covered, this is probably the most reliable value. 

T. W. Corbett and J. H. Wang, J. Chem. Phys. 25, 422 (1956). 
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h=nff Cf@(Ry, Pi— Ap; dork: Ve, f (Ri, po— Ap”; 2) 
g:k>0 
+f (Ri, pr; Dork: Ve, f(Ri, po; 2) g-kdkdp, 
+2 exp(—e/kT) I Cexp(e/k7)f (Ra, pi— Apr; 2) ook: Ve, f (Ri, Pp— Ap»; 2) 
g°k>0 


+f (Ri, Pi; Nook: Va, f (Ri, Po; 4) 1-kdkdp, 


+: Lexp( =F) kT)f (Ry, pPi— Ap.” ; t)ook- Veit (Ri, P.— Ap,; t) 
g:k<—w 


+f (Ra, pi; Qovk+ Ve, f (Ri, po; 2) 18-kdkdp, 
+f Cf(Ri, pi Ap. ; Dork: Ve, f (Ri, po— Apo; 2) 
wig k<0 
+f(Ri, pi; Dosk: Ve, f (Ra, po; t) g-kKdkdp,, (A4) 


J3=3{(V-1 oi) k- Vigo (Ri, 01) [f (Ri, Pi— Ap. ; fF (Ra, Po— Apo; 2) 


g-k>0 


+7 (Ry, pr; OF (Ri, po; ) 16-kdkdp, 


2L(V-1 of k-[Veigo® (Ri, 62)f(Ri, pi— Ap: ; 2)f (Ri, peo— Ap»; t) 


g-k>0 


+ Vergo *(Ri, 02 fF ( R,, Pi; tf R,, Pe; t) \g-kdkdp, 
2L(V-1 off k- [Vago * (Ra, o2)f (Ri, pi— Ap. ; Ff (Ri, po— Ap»; 1) 
gk<—w 
+ VriZ0” ( R,, o»)f (Ry, py; t)f@ (Ry, P2; t) |g: kdkdp, 


2L(V—-1 of k- Vigo (Ra, o2) [ f (Ri, Pi— Apr; £)f (Ra, Po— Ap»; £) 
—-wig-k<0 


+f (Ry, pr; Df (Ri, po; 1) 18-kKdkdp., (A5) 
with the abbreviations 
L=(0/dt)+(pi/m)- Vr, 


w= (4e/m)?}. (A6) 


7 is defined by the relation y= (.V—1) 07g 9° (¢). 


Perturbation Solution 
Equation (A2) can be solved by the usual perturbation'* method, taking as the first-order solution 
{%=fo (1469), (A7) 
where fy is the zeroth-order singlet distribution function, 
fo =[(2emkT)-*/0] exp{—[p—mu }/2mkT} (A8) 
and ¢ is the perturbation function. In order for 1/7, u and T to represent the local values of the number density, 
hydrodynamic{velocity,"and temperature, Eq. (47) must be such that 


fi aap=1/0(R; t), (A9) 


Pi-,, u(R,; /) 
O06, a -aeee A10) 
ie oP v(R,; 2) 


Pi A 3 kT(Ri; 2) 
—u | fdp, =~ ———. (All) 
j| m li oP 2 (Rj; 2) 
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Equations (A9)~(A11) impose upon the perturbation function the following auxiliary conditions: 


[ioap, =0, 
[0] 2 —ulip.-o (A13) 
_m 
[io] —ufap.=o ( Al4) 
_m 


In this paper terms of higher order than first in @ will be neglected, so that f (1) f™(2) may be approximated by 
pap g g y PE 


FO (DSO (2) =fo™ (1) fo (2) (1+-¢:4+¢2). (A15) 


To obtain the integro-differential equation for the perturbation function Eq. (A7) is substituted into Eqs. 


(A3)- 
(AS). The resulting equation is 


Le=nff 0 (A) fo (1) Loi( Ri, Pi— Api" ; 4) +¢2(Ri, Pe— Ap.” ; 2) 
—di (Ri, pi; 1) —de(Ri, po; t) g-kdkdp, 


tomff Fo (A) fo(2) K+ Vr, InE fo (Ri, Po— Ape; 2) fo (Ri, pe; ) 18-kdkdp, 
k 0 
+(N—1)o; I. k+ Vege (Ri, 01) fo (1) fo (2) 8 kdkdp, 


+2 exp(—e/kT ff 3 LJ (2) Cor Ri, Pr— Api; 2) +42(Ri, Pe Ap:®; 2) 
k>0 
— doi (Ri, Pi; / — go (Ray, P2; 4) |g-kdkdp, 


+7202 exp(—e er) ff fo (fo (2) K+ Va, Inf fo (Ra, Po— Ap»; £) fo (Ra, po; 0) 18-kdkdp, 
g-k>0 


+4C(V— 10) k- -Lexp(—e, kT) ) Vigo” (Ry, o + Vege * (Ri, 02) ) fo (1) fo (2) 8-kdkdp, 


g-k>0 
+r] i )( 1)f ) ( 2)[¢:( Ra, Pi— Ap,; 4) +¢2( Ri, p.— Ap,); 2) 
gk<—w 
— (Ri, Pi; t) — (Ri, Pe; t) \g-kdkaP, 


ton fo (1) fo® (2) K+ Vay In[ fo (Ri, Po— Ape; 1) fo (Ri, Po; 2) 18-kdkdp, 
gk<—w 


+L ( v~ 1 off k-[exp(e/k I) Vrigo *( R,, 02) oa Vigo” (Ri, 0») Tho ( 1 ) fy (2) 8-kdkdp» 
gk<-—w 


+f rare! fo (2) For ( R,, Pi— Ap,’; t) +¢2( R,, p.— Ap,“’; t) 
w<g-k<0 


— (Ri, Pr; 4) —@(Ri, po; 4) + kdkdp, 


+y0:|f fo ( 1) fo (2) k- Vry Inf fo (Ri, po— Ap.“ ; é) fo (Ra, P2; t) |g: kdkdp, 
wig k<0 


+(N—1)o i / k+ Vigo (Ra, 02) fo (1) fo (2) 8+ kdkdp», 
wig k<0 
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where gradients of ¢ have been neglected. Equation (A16) can be reduced by use of the relation 
Vaz In[ fo (Ri, Po— Ap»; 4) fo (Ru, pe; 2) ] 
= — (2/v) Vayw— (3/T) Va, T+ (m/2kT?) (C2+ (C2’)?] Va, T + (m/kT) Veu-(C2+C,’), (A17) 


where the definition 


C=(p/m)—u (A18) 
has been used. 
The relation between the primed and unprimed molecular velocities C is determined by the binary dynamics 
of the different collisional processes given in the main text. It is convenient to introduce two new variables ¢ 
and G defined by 


$=C.—C, (A19) 
G=C.+G,, (A20) 


whereupon, using Eq. (51), we find 
(1) hard-sphere collision g-k>0, 


C.+C,’=G+¢—¢-kk 
C2+ (C,’)?=31G+4¢+G-g—8-k(G-k) 
Vay, Info’ (2) fo (2) =— (2/0) Vayo— (3/T) Va, T+ (m/2kT?) Ve, Tl3@+i¢ 


—$-k(G-k)}+Ve.u-{G+8—g-kk} (m/kT) ; 
(2) type-a collision g-k>0, 


C,+C,’=G+g—}{8-k—[(8-k)?+o* jk 
C+ (Cy’)?=36+3¢+G-g—3G-k{g-k—[(8-k)*+0* }!} + («*/4) 
Va, Info! (2) fo (2) =— (2/0) Vrw— (3/T) Ve, T 
+ (m/2kT?) Ve, T@+ig+G-g—41G-k{g-k—[(8-k)?+-w? }!} + (w?/4) J 


+(m/kT) Veu-(G+8—3{8-k—[(8-k)?+o" }} kJ; 
(3) type-b collision $-k<—w, 


C,+C,’=G+g-—3{8-k+[(8-k)*—o* }}k 
CP+ (C2’)?=36+3¢+G-g—3G-k{g-k+[(8-k)?—«* }!} — (w*/4) 
Vr, Info’ (2) fo (2) =— (2/v) Vryw— (3/T) Va,T 
+(m/2kT*) Ve, TiG+i¢+G-g—3G-kig-k+[(8-k)?—w* }}} — (w*/4) ] 


+(m/kT) Vau-(G+8—3{(8-k+[(8-k)?*—o* }}k); 
(4) type-c collision -w<g-k<0, 


C,+C,’=G+¢-— (g-k)k 
C2+(Cy')?=3@+3¢+G-g—g-k(G-k) 
Vr, Info’ (2) fo (2) =— (2/0) Va,w— (3/T) Ve, T 
+(m/2kT*) Ve, TA@+4i¢e+G-g—¢g-k(G-k) ]+ (m/kT) Veu-[G+8-—(8-k)k]. 


In the statianary state! 
D/Dt=(0/dt) +u- Va, 


and, therefore, 


= 9 . D ‘ 
Lf' 0(1) = (: 4? y Va) (1) ‘nl (= +C,° va} ( 1) ; 
ot om Dt 


Neglecting terms containing the perturbation function ¢, Eq. (A26) reduces to the following relation: 


m . q Dv (3 mCY\.. DT. m f = (; mr) m Du 
J (1) =fo (1)| —v*-——| -—- —— JT "— + C0: V Co} —0 1 Va—| -—-—— ]T "Ve, T+— — 1 I. 
Adil | é mt Di +77 CG veut | ei eT alter Di 
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The insertion of Eq. (A27) and the relations obtained in Eqs. (A21)—(A24) into Eq. (A16) gives, finally, the 
lengthy equation 


DT 
\r ot ppeiGn : Vru 


Dv (; mC, 
Dt \2 2kT 


1(¢) =—J00(1)| =e ——( 


pee ss OE m Du 
+Gr}-9 Vaie—(5—r)T Wal + pert | 


yi0if m \3/ 2 3 a id aed ate . 

+2 =)(- Vie 7VasT) i] k exp[— (m/2kT) (C2+C2) -kdkdC, 
Y 2k 7 v 7 g-k>0 

voy exp(—e/kT)/ m 

41 exp(—e/ (= 


*/ 2 © 
-) (- - VR Val): ff k exp[— (m/2kT) (CP+C) 1g: kdkdC, 
2akT v 7 g-k>0 


2 
Td 


202 Y 3 yi 3 | 
+e. — ) (- Vaw—-— val): f k exp[— (m/2kT) (C2+C2) }g-kdkdC, 
2rk7 v i) —_ 


+ (v2) —!(m/2ekT)*(m/2kT?) vat-| ref exp[— (m/4kT) (@+g?) ]k{3G2+4¢° 
g:k>0 


+G-g—g-k(G-k) }g-kdkdC,+-y202 exp(—«/kT) I expl— (m/4kT) (G+) ]k{3@ 


g-k>0 


+4e-+G-g—4G-k[8-k—[(¢+k)?+0*P) + (w’/4) |8-kikdC, 


tr0f exp[— (m/4kT) (G@+g°) ]k{3@°+3¢°+G-g—1G-k(g-k+[ (g-k)*—«* }}) — (w’/4) }8-kdkdC, 
g:k<—w 


+r “ees PLA (M/A) (G+) TRC HE +G-8-8-k(G-I) \€- kiki, | 
+ (0°) 1(m/2ekT)*(m/kT) Prt: y I / __, PL (m/4kT) (@+¢!) IkIG+8-8- kk} g-kakdC 
+y202 exp(—/kT) | / __, exPL~ (m/4kT) (+e) Ik1G+8-}(8-k—[(8-K)' +0") kg kikadC, 
+0: y __ exp (m/4RT) (G+ g°) TG + 8-H (8-k+[(B-k)*—o" Pk} g- kaka, 
+y20% i] / j exp[— (m/4kT) (G?+") Jk{G+g—g-kk}g- kiki 


w<gk<0 
+LN— Nhost/A }(om/ Deh T)Vasge (Ra, ©) / / __, EXPL (m/2KT) (C#-+Cz) Jk: kdkdC 
ek 
+4[(N—1) 08/0" ](m/2ekT)*Lexp(—¢/kT) Vargo® (Ri, 02) + Vargo *(Ra, 2) ] 
‘|| exp[— (m/2kT) (CY+C#) ]kg-kdkdC, 
gk>0 


+3[(N—1) 08/0? ](m/2akT)*Lexp(/kT) Vigo * (Ra, o2) + Vargo (Ri, 22) J 


. I / exp[— (m/2kT) (C2-+C#) kg: kdkdC, 
gk<—w 
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+[(N—1) 08/0? }(m/2rk7 )*® Veigo (Ra, o2) ff expl — (m/2kT) (C’Y+C,?) ]kg- kdkdC, 
—w<g-k<0 


me ar C: m Du 1 
2 2aT 


= — f,)(1)} —y-1—_ : il et Ns, 
Jo (| Di Di TDi oy *™ 


— [4a (N—1) /30* JLor'go® (01) +03%g0* (02) — 038g (02) ]Vaiv—[3— (mC2/2kT) JT V eT 
— [2m (N—1) /30]Loi8go® (01) +028 go * (02) —o38g5® (on) IL4— (3mC2/10kT) JT Ve, T 


+L2m(N— 1) /30] VasLor'go® (Ri, 01) +02%go* (Rai, o2) —o3*go (Ri, 02) i} 


— [2r(N-— 1) /30 JLo? go (04) +095 g* (a2) — 25g)” (a2) ji- (mC?/5kT) ]Ve,-u 


+ (m/kT) C,C,: Vau+[4a(N —1) /150 ][o1*go (01) +028 go * (a2) — 038 go (a2) ](m/kT) C,C,: van | 


+ (1/0?) (m/2rkT)*(m/2kT?) Vint-[ exp —e/kT) (vs02/2) ff exp — (m/4kT) (G?+?) ] 
g-k>0 


xG-kk{g-k+[(g-k)?-+0?}}}8-kdkdC, 
+4(r0) {f = exp[— (m/4kT) (@+g)1G-Rkig-k—[(@-k)*—o" ie kaka | 


+(1/0*) (m/2ekT)*(m/kT) Va: exp’ —/kT) (y:) ff _ EXPL~ (mA) (+8) ] 
Xkk(g-k+[(8-k)!+0"}}¢-kdkdC, 
+4(v200) ff expl—(m/4k7) (+4) ek (-k-[(8-k)*— oP} kaka (A28) 
where Epil 
(9) =— nf 55} 2)Loa(R, PAP; 1) +4a(Rs, Pe APL”; 1) 


—¢:(Ri, pi; f) —¢2(Ri, pe; )g-kdkdC, 
—exp(—«/kT) 72 | / fo (A) fo (2) [or(Ra, Pi— Ap. ; 4) +¢2(Ru, Po— Ap»; 1) 
g'k>0 


—¢i(Ri, Pi; 4) —¢2(Ri, po; ¢) J8-kdkdC, 


—nff fo® (1) fo (2) Coi(Ra, Pi— Apr ; 4) +¢2(Ri, Po— Apo; 2) 
gk<—a 


—¢i(Ri, pi; 1) —¢&(Ri, po; ¢) j§-kdkdC, 
—nff fo (1) fo (2) [or(Ra, Pi— Ap; ¢) +¢2(Ri, pe— Ap; 2) 
—wigk<0 


—¢(Ri, Pi; t) — (Ri, Pe; t) |g-kdkdC,. (A29) 
The integrations over dk and dp, that have thus far been performed are given in Chapman and Cowling.! 


To proceed further, use is made of the following general property of an integral equation. We rewrite Eq. (A28) 
in the form 


nf ayk (2, y)G(y) = S(x), (A30) 
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where K(x, y), the kernel of the integral, and S(«) are known functions, d is a constant, and G(y) is the unknown 
function to be determined. If S(x) =0, Eq. (A30) is a homogeneous integral equation 


[k(, yGQay=0, (A31) 


and the solutions to this homogeneous equation will be denoted G,(y). By a theorem due to Hilbert," solutions of 
the homogeneous equation are orthogonal to the inhomogeneous term,fi.e., 


[ou S(x)dx=0. (A32) 


There are five invariants of motion, the energy, mass, and three components of momentum. Each of these is a 
solution to the homogeneous equation obtained by setting the right-hand side of Eq. (A28) equal to zero. Hence, 
using the orthogonality conditions given by Eq. (A32) the following conditions are obtained: 


[v.ati)ap.=o; i=1, 2, 3, (A33) 


where y is the mass, yz is the momentum, and y; is the energy. Application of the condition given by Eq. (A33) 
to Eq. (A28) results in 


— (1/v) (Dv/Dt) + Ve,-u=0 (A34) 
for the conservation of mass and 


Du/Dt=—p"Vr,{ (RT/v) (1+bp A) } (A35) 
for the conservation of momentum. As in the main text, bp A is defined as 
[2r(N— 1) /30 ]{ os go (01) +02° go (a2) [exp(—e/k T) = 1 }} . 
and A is defined as 
{ o1°go (a1) +02° go (a2) [exp(—e/kT) —1]}. 

The invariant ¥3=(p2/2m)+V (Rw) is much more difficult to utilize in generating a conservation condition 
to the energy term. For the purposes of this paper D7T/Dt will be approximated by the quasi-dense hard-sphere 
fluid formula 

DT/Dt=—3TVe2,ulitbpa) (A36) 
Equation (A36) is identical with the expression for D7 /Dt found in Chapman and Cowling! for dense hard spheres 
except we have replaced b,pgo (0) with bp A. This approximation is exact to the first order in €/kT. 

If Eqs. (A34)—(A36) are substituted into Eq. (A28), the resulting equation is 


yt 5\ 
I(¢) = Iu (1)| (1+ bo) (m/kT) CYC: Vait-+ (1+ Bbpa)(m—2) Cy Vr, In r| 


+ (8/2°0") (m/2kT) y202V Rr, In re f exp(—/2—2)h 


vov {4+ (53/v®) (5v®-+-65?) + (v®)—!(v?+-52) #(40?— 65”) | dxe 


1 ; 
“2 exp(—/?—v*) h-vv{ 4+ (s°/0°) (Sv? — 9s?) + (0°) —! (v®@— 5?) 1(40?+- 68?) } dXe 
v>s 


ae | exp(—/?—v) {v®— (s3/v) +07! (0®?— 5?) 1} Ihdxe 


1 aa ; 
-- | exp(—/?— 1?) {v°— (s?/v) +(e) hax, 
9 v>s 


See for example, R. Courant and D. Hilbert, Methods of Mathematical Physics (Interscience Publishers, Inc., New York, 
1954), Vol. I. 
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exp(—s?) 


0 [ exp(—ie—vy wv a+ (8/04 (5v?+-6s?) 


+ (8V2/2°0") (m/2kT) hyo.Vaiu;| 


+ (08) (8-452) 4(4o?— 6s?) Jdxs 


1 
— 3 exp (—h?—v*) vv {4+ (s°/v®) (50? — 9s?) +- (05) — (0? — 5?) 1(40?-++-652) } dx 
v>s 


ae | exp(—/?—2*) {v®+ (53/0) +071 (v2-++5?) 4} Adx, 


1 
-= | exp(—/?—v*) {v?— (s3/v) +071 (v2?— 5?) §} 1x.) (A37) 
7 v>s 

where x= (m/4kT)'C, s=(e/kT)}, v= (m/4kT) 8, h=(m/4kT)G, 

A°A=AA—}4?°1. (A38) 
The integrations over the solid angle dk have been carried out using the integrals given in Appendix II. Due to the 
constraint on the relative velocity, a number of the integrals in Eq. (A37) are more easily evaluated when inte- 
grated with respect to dp,dp2. In determining ¢ use is made of this fact. 


Since the right-hand side of Eq. (A37) is a linear combination of Vz, InT and Vz,u the perturbation function @ 
must be of the form 


o=A>+ Ve, InT+B: Ve. (A39) 


By substitution of Eq. (A39) into Eq. (A37) and comparison of the coefficients of Vr, nT and V,z,U, the following 
results are obtained: 


1(A) =K, (A40) 
1(B) =L, (A41) 


K=f,(1 oS -°) 1+2bp A)+—, (re) ve [Pf exp(—ies 2) 


Xh- vv {4+ (s3/v*) (5v?-+6s?) + (uv) (0? +5) #(40°— 65?) J dxe 


1 f = 5 \ {9 9 f 9 2 
ee / exp(—/?—2*) h- v°v {4+ (s3/0°) (50? — 9s?) + (v®) (0? — 5?) 9(40?++-65?) } dxe 
3 v>s 


exp(—s° 


) 
-} exp(—/?—v") {v?— (s*/v) +071 (2?+5?) } hdx, 
9 I 


1 
—5 / exp(—/?—v*) {v?— (s3/v) +071 (v?— 5?) #} hax 
v>s 


é xp(—s? 
L=— (m/kT) fo (1) (14+3bp A) CC, + (8v2/2v) (m/2kT) ye [aro of exp(—/?—1*) v°v 


x {4+ (53/05) (5v?-+652) + (v®) 1 (2? 4-52) 1(40°— 682) } dx 


1 - \ (5 9 f 9 9 
—-% / exp(—h?—v*) v°v {4+ (s3/v*) (50®?— 95?) + (v®)—! (v?@— 5?) #(40?+-65?) } dx. 
Pe) v>s 


é [exp —h?—v?) {v2— (s/v) +07! (0? +5?) 8} Idx, 


-3f exp( He) {= (6/2) +(e" 8)" Ld (A43) 
v>s 
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Solution of the Integral Equation 


It is more convenient in the following calculations to work with the reduced peculiar velocity W defined by 


w-()(2-4)-(3)o as 


Hirschfelder and Curtiss* have introduced a technique for solving the Boltzmann equation in which A and B are 
expanded as finite sums of orthogonal polynomials in the square of the reduced peculiar velocity W. The co- 
efficients of these expansions are then determined by a variational procedure. The Sonine polynomials may be 
generated from the formula 


oe (—1)(m+n)! ,, 
Si) = Lea eis Ge” 


where S,°” is normalized to (m+) !/m! in the sense that 


(A45) 


/ Z" exp(—Z) Sa™(Z) Sn (Z)dZ=[(m-+n) !/m! ont 
0 
with 5n¢ the Kronecker delta. 
Since K depends only on W, the most general form of the perturbation function A is 
A=WA(W), (A47) 
where A(W) is a scalar function of the peculiar velocity. The scalar function A(W) may be expanded as a finite 


series in Sonine polynomials 


A(W) = ra Sy™(W2). (A48) 


m=) 


As a trial expansion the series will be terminated after the second term, i.e., 
A=aS, (W?) +a Sy (W?) =a°+a™ ($—W?). (A49) 


The zeroth coefficient, a, must vanish in order to satisfy the auxiliary conditions given by Eqs. (A10)-(A12). 
Hence, the trial function, Eq. (A47), becomes 


A=W(3—W?)a®. (A50) 
Insertion of Eq. (A50) into Eq. (A40) followed by a multiplication by W:S“® (W,2) and integration over dp; gives 
for the coefficient a, 


[x-wsy ( W*)dp, 


a) = 





[rows,oara) Ws, (weap, 
where 


IWS) J=—raff jo LN} 2)EAW LE OY) EWETE- (10) 
—W,($—W) —W.($—W2”) }g-kdkdC, ) 
—exp(—s') neff eal Mo 2) CWE (Wy)? ]+W.'[$— (W2')?]} 
—Wi( 3— W,’) —W:,(3- W-) ig: kdkdC, 
-y:f/ fo (1) fo (2) C{Wi' L$ — (Wi1')*]+-We' [$— (W2') 27} 
gk<—w 
—W,(3—W) —W2(3—W.?) }g-kdkdC, 
-»ff fo (1) fo (2) Cf Wi'LS— (Wi')?]+-W.'[$— (W2’)?]} 
—w<gk<0 
—Wi(3—W,) —W2(3—W-”) 1g-kdkdp., 
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and the superscripts (1), (2), (3), and (4) on the curly brackets indicate that the momentum change is given by 
the hard core, type a, type b, and type ¢, collision dynamics, respectively. 

The denominator of Eq. (A51) is conveniently evaluated by converting the primed coordinates to unprimed 
coordinates. This is done through the “partial” binary collision dynamics. For the value of a, Eq. (A51) gives 


& 


(15/40) (14+ dpA) + (32'/ 20") 023 (. V—1) go (a2) s? exp(—s)] E42 exp(st) [” exp(—s")34dr| 
1) oe 


a”) =—— (A53) 


(8V2/0?) w?(.V—1) [A+ 9454 exp(—s?) a2? go} 





where A is defined by Eq. (37) of the main text. 
In evaluating the perturbation parameter B, we note that L can be divided into a traceless dyadic and a multi- 
ple of the unit dyadic, i.e., 


L=L%+ 11, (A54) 


where L® 1 is a scalar function of W, times the unit dyadic and L™ is a function of the traceless dyadic, W,°W, 
defined by Eq. (438). It is clear that B is also divisible into a traceless tensor and a scalar function times 1, namely, 


B=B+B1. 
Eq. (A41) can now be rewritten in terms of L® and L®1, and reads: 


1(B®) =L® 


—?2 4v2 
ine (=) (1+2bp A)WYW, exp(—W2) + { 


m ) a. 
——( ——- a — | ¥202 exp(— S~) 
wiv \2kT 


RT 


1520" 


x | exp(—/?—v") vv {4+ (s°/0*) (5v?+-6s?) + (0°)! (0?+-5?) 1(40?— 65”) } dxe 


—exp(s? | exp(—/?—v") v°v {4+ (s8/v*) (Sv? — 95?) + (0°) (0? — 5) 8(40?+-65?) a, (A357) 
(B®) = L®, 


L® 8v2 / m \ ‘s / ; j2—) | 3 I(g2-tes?) Hd 
4 ~ Om Td, Y202 exp(—S-) Cxp( — 1 — 1) {2 (S /v) +07! (0? +5") 3} dX» 


— exp ( -s)| exp(—/?—v") {v— (83/0) +07! (v?— 3s?) Ndr: (A58) 


Again, the perturbation parameters are expanded as a finite power series in Sonine polynomials and the seri es 
terminated after the first nonvanishing terms (as determined by the auxiliary conditions). Thus, the trial func- 
tions are 

Bo =WW S;.°(W?) by =W Wa, ( A59) 
B® =}, §,° (W?) =b,® (42—3W?+3W"). (A60) 
As in the evaluation of a, B™ js introduced into J(B™), each side of Eq. (A56) is multiplied by W,°W,, and an 
integration over dp, is performed on each side of the resulting equation. This procedure leads to the relation 
[Lo wowap, 
b,) = 





/ 1(WW) :W,W.dp, 
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Once again the appropriate binary dynamics are inserted into Eq. (A61) and bo” is found to be 


5 (/m\ _ 4b fm ,; «| # re na 
“oe (~) (1+ ZbpA) — (srr) a23(.V — 1) go (o2)s? exp(—s8)| +2 exp(st)[ exp(—)s%dr| 


(83/0?) (N—1) {A+-02?g0 (2) exp(—s?) (s?/12) } 





(A62) 


The coefficient 6, will be neglected since it may be shown, by direct integration, to be of the same order as the 
term neglected in Eq. (A36). 
Using Eqs. (A53) and (A62) the perturbation function, can be written in the form 


(15/40) (1+ 8bpA) + (39!/22) 03 (N—1) go (a2) 8® exp ( =F +2 exp(st) [ exp ( =) 











(8/vV2m'/0?) (N—1) [A+ 027g0 (a2) exp(—s*) 3454} 


XK (§—-W2)W- Ve, InT 


wv 


(—5/v2v)(1+ ZbpA) — (493 /3v20") (m/2kT ) bos N—1) go (a2) s? exp( -#[%+2 exp(s?) / exp( =) 4s] 
+ <a 








(8a! /v®) (N—1) [At+-02°g0(o2) exp(—s*) (s*/12)} 
XWW:Ve,u. (A63) 
Equation (A63) is rather bulky so it will be of some interest to examine the equations resulting from weak 


attractive interactions, i.e., (e/k7) <1. Of course, with the attractive potential equal to zero, Eq. (A63) reduces 
properly to the hard-sphere perturbation,®?:° 


150 {14+ [2x (N—1) ogo (01) /50]} ~ Sof 1+ [4a (N—1) o:2go (01) /150J} 
jon OEE cg yyy. y,, nT poe aitge® (or) [Se] 
16v273( N-1 )oy"go (04) 








WW: Vr. 
4v2n3(N- 1) 0:70? (oy ) 
(A64) 


If in Eq. (A63) only terms of the first order in s?=¢/kT are retained 


(15/40) (1+ bp A) — (32/20?) yooe exp( —s*) [$+ 4} exp(s*) ] E oe i$ 
a Ey, aT eee y anaes ——— (3—W?)W: Va, In7 
[48 /2? (NV —1) (or? go (01) +0229 (01) [exp(—s?) —1—4s?]J—3 





3s*| 





Pree (5/v2v) (m/ 2kT)*(1+2bp A) — So 20) (m/2kT ) 202 exp 32 WW: Vpu. (A065) 
[4 (24) /v? ](N —1) {o12go (01) +02? go (01) [exp(—s*) — 1—4s?]—$s"} 


When (e/kT) <3, Eq. (A65) approximates Eq. (A63) to within about 3%. 


Discussion 


In the preceding analysis non-hard-sphere terms in Eq. (A36) and the coefficient, b:®, were neglected. What 
effects do these approximations have on the fluxes? The neglected contributions will in both cases appear as 
coefficients of Vz,-ul in the fluxes. Since the heat vector is independent of Vz,-U, it will not be influenced by the 
approximations. 

The Newtonian form of the macroscopic stress tensor is given by 

a [e+ (3n— ®) Va, U J1+2n(3 Vet} Veu' ), (A66) 
where ® is the coefficient of bulk viscosity, 7 the coefficient of shear viscosity, }(Vru+ Vr") the rate of strain 
tensor, p the hydrostatic pressure, and Vz,u! is the transpose of Vz,U. As is clear physically, ® is the only transport 


coefficient influenced by the terms neglected, since will appear as the coefficient of the tensor }(Vru+ Vau'), 
and the hydrostatic pressure will appear as the coefficient of the unit tensor 1. 


5S. A. Rice, J. Chem. Phys. 31, 584 (1959). 
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is the least accurate. 


[xi(g-)2ak= — (x/15) [88 (9 cos’®—5 cos*#) +971 (5 cos*®—3 cos*#) ]_+ 


We conclude then, that of the transport coefficients calculated from Eq. (A63), the coefficient of bulk viscosity 
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Many of the integrals over k which were used in obtaining Eq. (A37) are evaluated by techniques used pre- 
viously in the theory of the rigid-sphere fluid.!*° The integrals not found in the reference given have the form 
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(B1) 


[kie-KC(¢-)?4-0*}ak= — (1/15) (g? cos’*@--w?) !{ (G8/g*) (9g? cos*B— 5g?-F6w*) 


Therefore, 


/ kk {g-k-+[(6-k)?+0?}}g-kdk = (#/15)[ {4+ (8) 
g-k>0 


and 


/ kk ig-k—[(8-k)*—o" Pe kik=— 7] {4% oof 5 Sof 
g-k<—w 


—1(g?-++-w?) 4( 


+g? {2+ (2°) (g? +0") 1(2g?+-2w*) — (w/e 


+ (1/g*) (5g2— 3g? cos’@-2w") }_+. (B2) 





— 6a") +( 


w*/g*) (Sg?+-6w*) | 88 








(Sg’+2u*)}] (B3) 


a eo) 49+ 60%) log 


g° gs 


+71 {2+ (Sw*/g*) — (3w*/g*) + (g5)— (go) 2248} (B4) 


where Eq. (B4) has the constraint g>w. 
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Minor Errata in Previous Papers 


I. J. Chem. Phys. 31, 575 (1959) 
II. J. Chem. Phys. 31, 584 (1959) 
III. J. Chem. Phys. 32, 538 (1960) 


Dr. John Pople kindly informed us of a discrepancy 
between the text and the final equations of paper I 
cited above. Detailed examination showed that an 
error in copying notes to prepare the final manuscript 
and an inexplicable oversight in proof reading led 
to the omission of a term which had been properly 
calculated. The text was prepared from the complete 
final results and stands as printed. We wish to take 
this opportunity to amend the appropriate formulae 
and to correct a number of trivial printing errors. The 
roman numeral] preceding each set of corrections refers 
to the paper as cited above. 


I 


(a) The symbol y, referred to as a reduced mass, is 
not the usual reduced mass, and is defined by 


Pi2/u= (P2/m) — (p/m). 


All calculations were performed using this relation. 





(b) In Eqs. (51) and (52), the coefficient of Ng(o) 
should read: 


(a's +48/252) (220? /3v)?. 


(c) In Eqs. (58) and (59), the coefficient of Vg(c) 
should read: 


(#$+192/1502) (220*/3v)?. 


(d) In Table I, the coefficients of (a0*/v)? inJthe 
density expansions for «®X®2 and n®X®2 should read 
0.4402 and 0.3842, respectively. The lines immediately 
preceding the density expansions should be modified 
in accordance with items (b) and (c) above. 


II 


(a) The quantity p is defined as in I(a). 

(b) In Eqs. (9) the coefficient of Vr, In7, and in 
the second term on the right-hand side of Eqs. (30), 
(34), and (50), the factor $ should read $. 

(c) Eqs. (86), (88), (89), and (90) should be 
modified in the v~ term as stated in items I(b) and 
I(c) above. 
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III 


(a) The quantity yas is defined, as in I(a), by the 
relation 


Pas/Hop = Ps/ms— Pa/Ma- 


(b) Eq. (3) should read: 


Ff= DF 


(c) In Eqs. (4), (6) and (10) the dummy variable 
over which the summation is carried should be labeled 


OF 
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8, andj replaced by 2. In Eq. (6), the factor preceding 
the integral should have the exponent outside the 
square brackets and read [(N,—1)r}". 

(d) The term: )osF 12+ (Vpia—Vp2g)K® should 
appear on the right-hand side of Eq. (11). 

(e) The equation at the top of p. 543 should be 
numbered (39), and the symbol on the left-hand side 
should be in bold face, K,. Also, the last symbol on the 
right-hand side should be in bold face, Zia. 

(f) The right-hand side of Eq. (49) should have j! 
inserted in the denominator. 
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Communications 


Some Further Observations on the 
Critical Region 


GEORGE W. Brapy ANp H. L. Friscu 
Bell Telephone Laboratories, Inc., Murray Hill, New Jersey 


(Received September 22, 1961) 


E would like to report an interesting effect ob- 

served in current studies on the C7Fi¢-i-CsHis 
system. Briefly, small angle x-ray intensity curves were 
measured for 30 and 40 mole % C7Fi¢ solutions, while 
gradually dropping the temperature until the consolute 
curve temperature was reached. The consolute curve 
has been recently redetermined by J. L. Lundberg and 
his data indicate that the critical concentration occurs 
at 38.5 mole % C;Fis, at a critical temperature of 
23.78°C. The curve is quite flat on top, and the ap- 
propriate unmixing temperatures for our two concen- 
trations are 23.44°C (30%) and 23.75°C (40%). 

A typical set of intensity curves is shown in Fig. 1. 
Each curve takes about an hour to determine, and the 
curves are reproducible. As the consolute temperature 
is approached, the intensity increases rapidly at first, 
to finally reach a maximum value, after which point a 
region of constant intensity persists over a temperature 
range of ~1.0°. Following this, the intensity curve 
begins to decrease again. 

An even more revealing insight into the state of 
affairs is shown when the Debye lengths L, which are 
_a measure of the long-range fluctuations,' are plotted 
as shown in Fig. 2. (The fact that there exists a sig- 
nificant. amount of clustering at temperatures much 
above the critical has been remarked on in a previous 
publication.)? Corresponding to the intensity effect we 
notice a flat portion in the curve again extending over 
a temperature region of ~1.0°C depending on the 
concentration, which is then followed by a decrease. 
The temperature of the phase separation for the two 
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Fic. 1. A typical set of intensity curves measured as the tem- 
perature is lowered. The curve labeled 4, 5, 6 is the superimposi- 
tion of three curves. 


solutions coincides with the lower temperature end of 
the flat portion. The curves for the 30 and 40% CrF is 
solutions coincide after the phase separation. 

The explanation of this phenomenon is difficult, but 
we can offer possible reasons why it takes place. It is 
hard to envisage any artifact in the data taking which 
would account for the effect observed. Large scale 
fluctuations may be present which are not seen by the 
x rays, but if this is so they must develop very sud- 
denly, because we would surely see their onset. Another 
possibility is that the phase separation actually occurs 
at the upper temperature end of the flat portion and 
that the system goes into a quasi-colloidal state. The 
x rays would then be seeing clusters within larger 
“droplets.” Visible light would, of course, see the larger 
“droplets.” Indeed the solutions are observed to turn 
milky at this point, and remain so until the phase 
separation occurs. However, in the measurements of 
Zimm,* and Chow Quantie‘ it was noted that the 
asymmetry of scattering, which measures long-range 
correlation, fell off very sharply on either side of the 
critical concentration, and it is not known whether 
correlations of larger lengths than those observed here 
would be present. 

An intriguing possibility then presents itself that we 
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Fic. 2. Debye lengths L plotted as a function of temperature. 
Tc is the temperature at which two phases appear. Solid line, 40% 
C.F is, dashed line, 30% CiF ic. 
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are dealing with a “derby hat” type of mechanism for 
phase separation in which the activity rises to a maxi- 
mum at a temperature above that at which phase 
separation occurs, and then remains constant over a 
finite temperature interval before this latter event takes 
place. 

The most interesting thing about these experiments 
is that they indicate that in conjunction with light 
scattering measurements we may be able to study on a 
molecular basis the whole mechanism of what happens 
in the critical region, the x-ray scattering giving infor- 
mation about clustering in the <200 A range, and the 
light scattering telling us what happens in the range 
above this. 

We would like to thank Bruno H. Zimm for his 
comments, and acknowledge stimulating discussions 
with M. S. Green, F. H. Stillinger, and Eugene Helfand. 

1P. Debye, J. Chem. Phys. 31, 680 (1957). 

2G. W. Brady and J. I. Petz, J. Chem. Phys. 34, 332 (1961). 


3B. H. Zimm, J. Phys. Chem. 54, 1306 (1950). 
* Chow Quantie, Proc. Roy. Soc. (London) A224, 90 (1954). 


Magnetic Interactions in Lithium Hydride 


M. Karptus* anp H. J. Korkert 


Department of Chemistry and Watson Scientific Com puting 
Laboratory, Columbia University, New York, New York 


(Received September 5, 1961) 


HE magnetic interactions in 'S molecules are of 

considerable experimental and _ theoretical im- 
portance because of their relationship to the electron 
distribution.' Since techniques for magnetic measure- 
ments have been extended and refined in recent years 
(e.g., molecular beams,? microwave spectroscopy*), it 
is of interest to attempt a concomitant development in 
the theoretical interpretation. Although many studies 
have been concerned with the magnetic properties of 
the hydrogen molecule,‘ there have been no comparable 
treatments of more general systems. In this communica- 
tion, we report variation-perturbation calculations of 
the magnetic susceptibility (x) and nuclear shielding 
(év) in LiH. The simplicity of the formulation and the 
accuracy of the results give an indication of the feasi- 
bility of magnetic studies with approximate ground- 
state wave functions for many-electron systems. 


THE EDITOR 2235 

In the absence of a magnetic field, the system is 
described by a Slater determinant of doubly filled 
molecular orbitals y;(i=1, 2). For this function y, 
there exists an operator 3¢,", such that #,°Y=E,'Y, 
with E,° the expectation value of the energy over the 
exact zero-order Hamiltonian %°.5° The perturbation 
x’ arising from a uniform magnetic field H and a 
nuclear moment py is 


> 


4 
ge’ = Doh'(k); (A.-¥,), (1) 
k=l 


e eh 
h'(k) og ear Ay Pr 
2mc? met 


where the vector potential A, has the form 


[$(HX ry) + (ay X Pin) /ren?® ). 


From the eigenfunction property of ¥ and the ex- 
pression for A,, the first-order (diamagnetic) contri- 
butions to x and éy reduce directly to sums over the 
individual orbitals. For the evaluation of the more 
difficult second-order (paramagnetic) contributions, 
which require an infinite summation in ordinary 
perturbation theory,’ we use a variation technique. If 
each orbital has the form ¥,[1+(e/2mc)H-R;] in a 
field H, the tensor component (x?),, is 
(x?) Bie (e°/m*c*) 


2m 


i=l 


2 2 
Yew, | VRi*-VRiv | Vit Wi | (M,Ris} | v)} 


(2) 


where M, represents the » component of angular 
momentum and Rj, is a function which can be de- 
termined by minimizing (x?),,. As is evident from Eq. 
(3), Ry for each orbital in LiH can be varied inde- 
pendently of the other orbital, even though an anti- 
symmetrized function is employed for Y°8 

For the (éy”) terms, the Rj, obtained from Eq. (3) 
can be inserted into the expression 


e 2 [MwwRi) , 
(on?) »=—— Wi | ;— =} | vi). 
MC” j=1 | fn’ 
Alternatively, the orbital form 


V L1+ (e/2mc)H-S + (e/mc) uy-T¢] 


can be employed and the é6y? components minimized 
with respect to variations in both §; and T;. The 
consistency of the values obtained for éyv? by the two 
methods provides a check for approximate treatments. 


TABLE I. Magnetic interactions in lithium hydride (in ppm). 


(x4) ay (on) av 


Theory SAMO 
BLMO 


— 24.6 39.2 
—23.8 39.5 


Experiment!) 








(x?) Ay 


14.61 


(oni) ay (oH?) ay (oi?) av 


—12.1 
—12.3 
—13.8 


107.7 
107.9 
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The formulation for the evaluation of x and éy in 
LiH was applied to the SCF-LCAO-MO functions of 
Ransil.* Calculations were made with the functions 
having Slater exponents (SAMO) and “‘best-molecular” 
exponents (BLMO) in the atomic-orbital basis set. 
The resulting values for the rotational averages (_ ) w 
are listed in Table I. Polynomial expansions were used 
for Rj, etc., and good convergence was attained. The 
dominant term in R; corresponded to a translation of 
the vector potential and the other terms could be 
interpreted similarly as a change of gauge.” Because 
of a lack of data, only the paramagnetic terms can be 
compared with experiment." Both (x?) and (oH?) w 
are in satisfactory agreement with the measured values, 
while (o1;”) is in error by a factor of two. From these 
results and the relative magnitudes involved, one can 
estimate that the fofal susceptibility and shielding 
values are accurate to +15% or better. 

Analysis of the calculation shows that (x?) and 
(on?) are determined essentially by the (10) MO, 
which is primarily a 1s (Li) orbital. By contrast, 
(ori?) depends largely on the (2c) MO, which is 
composed of hydrogen and lithium orbitals and is 
more sensitive to the details of the molecular potential. 
It would, therefore, be of some interest to determine 
what changes occur in (o1;”),, and the other paramag- 
netic terms when they are computed with improved 
LiH wave functions.» However, the formulation 
presented here and the results obtained with it demon- 
strate what can be done with a function (such as the 
BLMO function) that yields good values for ground- 
state one-electron properties (e.g., dipole moment," 
nuclear quadrupole coupling constant) and yet is of 
sufficient simplicity to be generalized to more complex 
systems. 

Details concerning the variation-perturbation formu- 
lation and the method of calculation will be presented 
with additional applications in a later paper." 

We thank Dr. T. P. Das for discussions concerning 
the choice of variation function and Dr. C. W. Kern 
and Dr. W. N. Lipscomb for check values to test the 
integral programs. 


* Alfred P. Sloan Foundation Fellow. 

| Woodrow Wilson and National Science Foundation Predoc- 
toral Fellow. 
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Effect of Next Nearest Neighbor Ions on 
the Crystal Field Splitting of Transition 
Metal Ions in Crystals 


J. Fercuson,* K. Knox, ano D. L. Woop 
Bell Telephone Laboratories, Inc., Murray Hill, New Jersey 
(Received October 10, 1961) 


T is generally assumed that the electronic energy 
levels of transition metal ions depend only on the 
ligands, that is nearest neighbor ions, and that the 
effect of ions farther away can be neglected. This is a 
good approximation when one considers only the direct 
electrostatic interaction between ions in the point 
charge model. However, even in the more realistic 
molecular orbital model, the effect of the polarization 
of the ligand orbitals by ions outside the first coordina- 
tion sphere must be considered. It then becomes neces- 
sary to take account of the way in which a ligand is 
shared between a given metal ion and other ions in the 
structure. Since this idea gives new insight into the 
physical significance of the parameters of crystal field 
theory, a preliminary report of some relevant results 
for three transition metal ions follows. 

First, other workers' have studied the absorption 
spectra of CoO and Co in MgO (pink) and we have 
studied the latter again. In both cases, the cobalt ion 
is surrounded by an octahedron of oxygen ions and the 
crystal field strength (Dg) is about 920 cm. In 
addition, the Racah parameter B has a value offabout 
835 cm~' in Co in MgO. We..have found, however, 
from a study of the absorption spectrum of CoWO, 
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Fic. 1.¥%Absorption spectra of KsNaCrFs (full curve) and 
CrF; (dashed curve) at room temperature. 
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(blue-green), where the cobalt ion also is surrounded 
by six oxygen ions (distorted octahedron) ,? that Dg is 
about 690 cm and B is about 770 cm™, even though 
the cobalt-oxygen distances are quite comparable. We 
relate the change in Dg from 920 to 690 cm™ to the 
effect of the tungsten ion, which reduces the net 
charge on the oxygen ion relative to the oxygen in 
MgO. 

Second, we have measured the absorption spectrum 
of the Ni** ion in MgWO, (orange). Here we find that 
Dgq is again lower than for nickel ion in MgO (green), 
710 and 860 cm, respectively, and B is again lower in 
the tungstate. 

Third, we have measured the absorption spectra of 
K2NaCrFs (dark green) and CrF; (yellow green). In 
both of these crystals the chromium ions are sur- 
rounded by octahedra of fluoride ions, but the next 
nearest neighbors are different.2 In K,NaCrFs. each 
fluoride ion is shared linearly by chromium and sodium 
ions, while in CrF; (quite unlike CrBr; and CrCl;) each 
fluoride ion is shared by two chromium ions at an angle 
of 146°. The room temperature data given in Fig. 1 
show the striking difference between the two crystal 
spectra. The spectrum of KgNaCrFs fits the theoretical 
energy level diagram‘ with Dg=1650 cm and B=680 
cm, However, values of Dg=750 cm™ and B=920 
cm (free-ion value) are needed to fit the spectrum of 
CrF;. Since the Cr—F distances are the same within 
experimental error, these observations are again related 
to the effect of next nearest neighbors. Note that for 
Cr*+ the lower Dq goes with a higher B value, while for 
Co*+ and Ni** the lower Dg is accompanied by a lower 
B value. 

The following consequences of these results are 
important for both empirical and theoretical develop- 
ments of ligand field theory. First, the spectrochemical 
series of ligands,® derived from solution spectra, does 
not apply to ionic crystals if there is a change of 
structural type, and arguments relating absorption 
spectra to structure are not generally valid for solids 
when based on this series alone. Second, there is no 
doubt that the changes of the Racah parameter B 
from the free ion value mean that a molecular orbital 
rather than an atomic orbital formulation for the 
interelectronic repulsion terms is needed, but we feel 
that even with this model, the physical interpretation 
of the variations in the B parameter in terms of so- 
called “‘covalency effects’’® should be viewed with some 
caution. Last, the polarization of the ligand orbitals by 
the metal ion and next nearest neighbors is an important 
factor determining the magnitude of the crystal field 
splitting. 

It is a pleasure to acknowledge the benefit derived 
from discussions with A. D. Liehr. We also thank L. G. 
Van Uitert for providing the CoWO, and MgWO, 
doped with Ni. 


* Visiting Scholar. On leave from the Division of Chemical 
Physics, C. S. I. R. O., Melbourne, Australia. 
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Absorption Spectrum of Gaseous Cl and 
Electron Affinity of Chlorine 


R, STEPHEN Berry, Curt W. REIMANN,* AND G. NEIL SpOKEST 


Sterling Chemistry Laboratory, Yale University 
New Haven, Connecticut 


(Received September 18, 1961) 


E wish to report observations of ultraviolet 

absorption spectra of several alkali halide vapors 
heated by shock waves. Spectra have been taken of 
RbF, RbBr, CsF, and CsCl. With the chloride salts, 
we find continuous absorption which we attribute to 
the gaseous ion Cl-, undergoing the process Cl-+/yv— 
Cl’+e~. This continuum has the two sharp thresholds 
expected for photodetachment! and permits determina- 
tion of the electron affinity of chlorine with considerable 
precision. 

The shock tube is conventional. The driver section 
(155 cm), is separated from the low-pressure section 
(460 cm) by a scored aluminum diaphragm; both have 
the same square inside cross section (8.58.5 cm). 
Shock speeds are measured with platinum thermal- 
resistance gauges painted on glass rods located 197, 222, 
and 247 cm downstream from the diaphragm, and with 
a photocell at the quartz observation windows, 357 cm 
from the diaphragm. Signals are monitored on an 
oscilloscope (Tektronix 533) triggered by the shock 
passing the first gauge. The spectral source is a quartz 
capillary flash lamp which is fired by a “crowbar” 
trigger (KU 402), operated by a delayed signal from 
the oscilloscope. The mirrors of a White multiple- 
reflection system? mounted outside the shock tube are 
adjusted to give four traverses; the optical path is thus 
approximately 34 cm. A Bausch & Lomb medium 
quartz spectrograph is used with Kodak 103-0 plates. 

Salt samples (0.1-1.0 g) are introduced into the 
shock tube as dried deposits on strips of cellulose tissue 
or on thin perforated aluminum foil, which are placed 
across the shock tube about 90 cm upstream from the 
observation windows. The low-pressure gas is argon at 
pressures of 1.5 to 2.5 cm Hg. Hydrogen is the driver 
gas; driving pressures fall between 200 and 350 psi. 
Resulting shocks have velocities of Mach 8.5-9 before 
reaching the sample. The most intense absorption has 
come with the strongest shocks. 
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In all cases comparison spectra of the flash lamp 
have been taken. In later work, each plate has included 
the spectrum of a shock through the supporting material 
alone. When tissue is used we observe absorption by 
Cs, OH, and possibly CH. Aluminum gives atomic lines. 
Spectra of shock-heated alkali halide vapors display 
the principal series of the alkalis; we have definitely 
observed the rubidium series to 14p, and the cesium 
series to 16p. Especially with large samples, higher 
members of the series are quite broadened. 

The rationale for expecting large negative ion con- 
centrations comes from the equilibrium constants for 
the processes MX—Mt+X>~- and MX—M°+xX°. At 
4000°K, dissociation constants (atm) to ions are 
1.45310, 9.61K10~, 1.934 10-4, and 6.62 10-4, 
for RbF, RbCl, CsF, and CsCl, respectively; concentra- 
tion ratios of dissociated ion pairs to atom pairs are 
1:58, 1:39, 1:24, and 1:16.5 for the same species. 
Therefore, one expects a large equilibrium concentra- 
tion of negative ions, particularly for chloride in CsC1 
vapor. The problematical quantity is the magnitude of 
the extinction coefficient of chloride ion near its 
threshold. 

In the case of both the chloride salts, two sharp 
decreases in plate density appear, at 3424 and 3325A. 
These are apparent on the tracings and plots of dif- 
ferences between plate densities of salt spectra and 
comparisons, and are quite obvious to the eye. The 
intensity of the continuous absorption is significantly 
greater for CsCl than for RbCl, under similar con- 
ditions. Measurements so far have not been sufficiently 
precise to say whether the slope of absorption is infinite 
at the thresholds, but it is certainly extremely steep, 
rising well above noise level over a range of less than 
10A. The intensity also correlates well with the in- 
tensities of the alkali absorption lines. With fluorides or 
bromides, or with the various comparison spectra, 
these sharp intensity changes have not been detected. 
Crude measurements indicate that the relative intensity 
of the two absorption steps is independent of shock 
strength and sample size. 

Photodetachment of an electron from Cl can leave 
the chlorine atom in either of two states, ?P; or ?P). 
The separation between these levels is 0.1092 ev.* The 
absorption thresholds we detect are at 3.620 and 
3.728+0.007 ev; the separation of 0.108 ev is therefore 
in agreement with the spin-orbit splitting of chlorine. 

The conditions under which the absorption is found, 
its two sharp thresholds with their seemingly constant 
relative intensity, and the energy separation between 
the thresholds all lead us to assign the spectrum to the 
photodetachment process of the chloride ion. The 
lower threshold therefore falls at an energy equal to 
the electron affinity of chlorine. With a Debye-Hiickel 
correction of 0.7+0.4 kcal/mole for the presence of 
other ions, the value we obtain is 84.2+0.4 kcal/mole. 
Other recent values fall from 86.7+2 to 85.1 kcal. 

Continua due to other negative ions are under 
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investigation now. We are also conducting measure- 
ments aimed at determining relative extinction of the 
chloride spectrum. 

One of us (R.S.B.) would like to express thanks to 
W. Klemperer, S. A. Rice, and G. Volpi for stimulating 
discussions which led to this work, and to O. Laporte 
and his associates for their assistance in the design of 
the apparatus. We are indebted to the University of 
Michigan, where the work was begun, for a grant from 
the Michigan Alumni Faculty Research Equipment 
Fund. Finally, we would like to acknowledge the 
support of the Directorate of Chemical Sciences, U. S. 
Air Force Office of Scientific Research. 

* National Research Council Fellow. 

+ Present address: Stanford Research Institute, Menlo Park, 
California. 
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Fe*’ Mossbauer Effect in Laves Phases 
Containing Fe Combined with 
Y, Ce, Ho, Ti, Zr, and Hf 


W. E. WaLLACcE* AND L. M. EpstEIN 


Radiation and Nucleonics Laboratory, Central Laboratories, / 
Westinghouse Electric Corporation, East Pittsburgh, Pennsylvania 


(Received October 12, 1961) 


ESONANT absorption of y rays by Fe” (Méss- 

bauer effect) has been used to determine the 
nuclear hyperfine field (H;), quadruple splitting (e), 
and the center shift (AE) for a number of Laves 
phases. The samples examined were those in Table I 
plus HoFe,, HfFe,, and several other TiFes-ZrFe. 
solid solutions. Magnetic examination indicated that 
most of the samples studied are ferromagnetic at or 
slightly below room temperature.' This is not the case 
for TiFe: and the hexagonal TiFe2-ZrFe, alloys, which 
exhibit temperature independent paramagnetism? down 
to 2°K, nor for HoFe:, whose magnetic behavior is 
complex.! 

Results obtained are summarized in Table I. Before 
commenting on specific results, some general remarks 
concerning the experimental observations and results 
cited seem appropriate. First, for the ferromagnetic 
materials the quadrupole splittings have not been 
determined. The hyperfine spacings seemed to be 
unequal, thus resembling in general the observations 
of Kistner and Sunyar* for FeO; and suggesting a non- 
vanishing quadrupole interaction. The inequalities 
were, however, comparable with the uncertainties in 
line positions and hence no attempt was made to 
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Taste I. List of Curie temperature (7), nuclear hyperfine field at temperature (H;), quadrupole splittings (e) and center shift (AZ) 
relative to a stainless-steel source at room temperature for laves phases studied. 








T, (°K) Structures* 





Temp. (°K) 


AE iy 


€ 
(mm/sec) (mm/sec) (koe) 





~150, 250» C 


Ce Fe: 
YFee > 300 
YanHoiaF ea 
YinHor2F ez 
YinHos4F es 


TiFee 


See text 


Tio. sZro 2Fe2 

ZrFez 

Zro.sTio.iF es 

ZrFeCo 

ZriHfy2F eg 685 


300 0.40 —0.10¢ 
78 190 


300 +0.05 188 
300 —0.05 197 
300 0.00 
300 +0.05 


—0.40 
—0.20 


—0.05 


300 








® C and H denote MgCuz- and MgZn:-type, respectively. 
> Two Curie points are observed for CeFez. 


© A negative Doppler velocity means that source and absorber are moving apart. 


4 € and AE are the same for samples richer in Zr. 


evaluate the quadrupole contribution. Second, for the 
same reason in several instances no attempt was made 
to establish the center shift. Third, the estimated un- 
certainties are: in ¢, +0.02 mm/sec, in AE, +0.05 and 
+0.02 mm/sec for ferromagnetic and paramagnetic 
samples, respectively. 

The hyperfine patterns were as anticipated in most 
cases, TiFe, and ZrFeCo being notable exceptions. 
Before commenting on these it is to be noted that 
satisfactory absorption spectra for HoFe: and HfFes 
have not been obtained. For HfFe: failure was probably 
due to the imperfect nature of the crystal, whereas 
with HoFe; it is ascribed to the complex magnetic 
structure and/or the strong unselective absorption of 
holmium. 

Results for ZrFeCo are unusual in that only a 
doublet is observed at 78°K even though this is well 
below its T,.2 Furthermore, the resonant absorption is 
less (by a factor of four) at 78°K than at 300°K. The 
reason for this anomalous behavior is not as yet clear. 

For TiFee results are very unusual. Since the mag- 
netic properties indicated Pauli paramagnetism to 2°K, 
no hyperfine splitting was expected. This was the case 
at 573 and 300°K but at 78°K the pattern revealed a 
strong doublet superimposed on the sextet produced 
by a nuclear hyperfine field of 92 koe. This compound 
contains two crystallographically distinguishable kinds 
of Fe. Magnetic results? suggest that there are no 
localized moments in this metal. The Méssbauer data 


indicate, however, that while this may obtain at 300°K 
and above, at 78°K, localized moments, which are 
coupled, develop on one type of Fe but not on the 
other. From the magnetic work it is inferred that the 
coupling is antiferromagnetic. 

e values for all samples are small, as expected for a 
metal. The AF’s are negative, indicating a higher 
electron concentration at the nucleus* in these com- 
pounds than in stainless steel. Variation of AE with 
temperature was as expected from the second-order 
Doppler contribution.® 


Except for TiFe: values for the observed internal 
fields lie within a fairly narrow range,® which is con- 
siderably lower than that for Fe (330 koe). This is 
consistent with the observation!” that the Fe moment 
in these compounds is about 7 that in elemental Fe. A 
full account of the present work will be published in 
this Journal later. 

The authors acknowledge with thanks the generous 
assistance of Mr. John Hicks at Westinghouse in con- 
nection with the Méssbauer work and the help of Dr. 
A. Pebler, Dr. E. Piegger, and Mr. E. A. Skrabek at 
the University of Pittsburgh in preparing and 
establishing the structures of the samples studied. 


* Consultant to Westinghouse. Permanent address: Depart- 
ment of Chemistry, University of Pittsburgh, Pittsburgh, Penn- 
sylvania. 

E. A. Skrabek and W. E. Wallace (to be published). 

E. P egger and R. S. Craig (to be published). 
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Comments and Errata 


Microwave Spectrum, Structure, and Dipole 
Moment of F,O7 


Lovis PreRce*} AND ROBERT JACKSON 
Mallinckrodt Chemical Laboratory, Harvard University, 
Cambridge 38, Massachusetts 
AND 
NICHOLAS DiCIANNI 


Department of Chemistry, University of Notre Dame, 
Notre Dame, Indiana 


(Received September 7, 1961) 


ECENTLY Hilton ef al.! have reported the 

observation of 13 rotational transitions of F,O in 
the millimeter wave region. Because their proposed 
assignment for nine of the transitions implied rather 
large centrifugal distortion effects, we attempted to fit 
their data to the Kivelson-Wilson energy expression for 
a nonrigid rotor.? The average deviation for the fre- 
quency fit was disturbingly large (8 Mc), and the 
distortion constants were found to be inconsistent with 
assignments which have been proposed for the infrared 
spectrum.** These results led us to initiate an experi- 
mental study of the rotational spectrum of FO. In the 
region 13 to 60 kMc we have measured with Stark 
modulated spectrometers a total of 17 rotational 


TABLE I. Ground-state rotational transitions of Fx0 (Mc/sec). 


Frequency 


Frequency 
(obs) * 


Transition (calc)> 


613.55 49 613.55 
388.95 51 388. 
137 .05¢ 54 137.5 
958.40 57 959. 

3 803.90 13 802.55 
029.20 36 029. 
725.50 58 729. 

7 457.10 57 473.8: 
354.67 17 370.3 
846.20 59 868. 

3 842.38 23 863. 
771.44 15 797. 
302.40 $2 325.05 


lal 10 
20 21 
300312 
4u—4is 
2127363 
3137404 
414 Sos 
4is — 300 
716625 
Sis 4e2 
Si~705 
Di9- >8o6 
927836 
® +0.10 Mc/sec. 
b Calculated using rotational constants given in Table II. 
© Three Stark components were resolved for this transition. From the meas- 
urement of Stark shift as a function of electric field strength the M values of 
the three components were determined to be M=1, 2, and 3. The relative in- 
tensities were in the order M=3>M=2>M=1. 
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Taste II. Ground-state rotational constants (Mc/sec), moments 
of inertia (amu A?), and structure of OF».* 








a 58 780.09 
10 895.87 
c 9166.53 


Ia 8.60037 
Ty 46.3966 
Ie 55.1496 
I-—Ig—Ib= 0.1526 
ro-r = 1.409 A. Z FOF = 103°18’ 


® Conversion factor: 505 531 Mc amu A?. Atomic masses: mo=16.000000 amu, 
m p= 19.004456 amu. The structural parameters were calculated using the a and 
6 moments of inertia. 


transitions, none of which can be accounted for with 
the assignment of reference 1. Thirteen of these 
transitions ranging in J from one to nine have been 
assigned. Table I lists the observed and calculated 
frequencies for the assigned transitions. For transitions 
with J<4 the details of the observed Stark effect 
patterns provided the basis for the assignment. For the 
first five transitions in Table I we were able to resolve 
10 of the 13 possible AM =O Stark components. Table 
II gives rotational constants, moments of inertia, the 
inertial defect, and structural parameters of F,O as 
derived from the assignment given in Table I. 

The results of quantitative Stark effect measure- 
ments on the M=1 lobe of the 1o:—119 transition and 
the M=2 lobe of the 2o—2n transition yield a dipole 
moment for F,0 of 0.297+0.005D. This result is in 
serious disagreement with the dipole moment deter- 
mination by Bransford ef al.5 However, their results are 
based on an incorrect rotational assignment. 

The inertial defects of symmetrical triatomic mole- 
cules are of considerable interest. Using the vibrational 
assignment for F,O given in references 3 and 4, the 
inertial defect is calculated to fall in the range 0.115 
to 0.175 amu A’. Calculation of a unique value for the 
inertial defect requires knowledge of the complete 
quadratic potential function. Conversely, if the inertial 
defect is known, then this information plus the three 
fundamental vibrational frequencies can be used to 
compute the four quadratic force constants. We have 
performed such a calculation’ and find f,=4.05 md/A, 
fa/r?=0.707 md/A, f,-=0.906 md/A, and f,a=0.200 
md/A, where r is the Q-F distance (1.409 A). In 
addition to the usual limitations on the accuracy of 
force constants, the above calculations contain un- 
certainties due to neglect of electronic’ and centrifugal 
distortion contributions to the inertial defect. It is un- 
likely, however, that these effects contribute more than 
a few thousandths of an amu A? to the inertial defect. 

Measurements of high J transitions of F,O are now 
in progress. Analysis of these transitions should provide 
accurate distortion constants and also an independent 
determination of the quadratic potential function. 

Thanks are due to Dr. James S. MacKenzie of the 
Research Division of Allied Chemical Corporation who 
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kindly supplied the sample of F,O used in this 
investigation. 


* Alfred P. Sloan Fellow. 

+ This research was supported by a grant extended to’ Harvard 
University by the Office of Naval Research and by a grant ex- 
tended to the University of Notre Dame by the National Science 
Foundation. 

t On leave from the University of Notre Dame. ag 
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Determination of Molecular Diffusivity by 
Gas Chromatography Techniques 


James J. CARBERRY 
Department of Chemical Engineering, University of Notre Dame, 
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Department of Chemical Engineering, Yale University, 
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ECENT comment in this Journal! relates to the 

use of a simple gas chromatography column for 
the purpose of rapidly measuring the molecular dif- 
fusivity of a trace quantity of a candidate gas. We 
should like to call attention to work? completed in 
1957 and published in 1958 in which the technique of 
pulse injection of a gas into a carrier stream passing 
through a fixed bed (chromatography column) was 
employed to characterize the axial diffusivity (residence 
time distribution) of a gas in flow-through fixed beds. 
Previous work by McHenry and Wilhelm‘ established 
that the axial diffusivity varies linearly with flow rate 
beyond a Reynolds number of about 50. Our work 
with gases was, therefore, confined to Reynolds num- 
bers below unity, where it could be anticipated that 
molecular transport governs axial dispersion of the 
injected pulse. The data obtained in the study con- 
firmed the supposition. Values of axial diffusivity of air 
injected into a helium carrier agreed within 20% 
with the computed value of molecular diffusivity? of 
Ne in helium. As the gas diffusion study comprised a 
minor portion of a larger undertaking, extensive refine- 
ments were not employed in securing the gas data. 
However, it was clearly demonstrated that (a) molec- 
ular diffusion governs axial disperson at Reynolds 
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numbers less than unity and (b) in consequence, the 
technique of pulse injection is a rapid and simple 
manner whereby molecular diffusivities can be 
measured. 

The mathematical analysis and treatment of dis- 
persed pulse data for the procurement of the diffusion 
coefficient has been discussed elsewhere.*® The value 
may be obtained from concentration-time distribution 
data, or from the mean retention time as measured at 
the diffuse pulse maximum, 


| — ° (1) 
u P 


For beds of more than several particle diameters of 
length,>.* Eq. (1) becomes a simple function of D, tube 
length x, and velocity «, 


bm = (x/u) — (D/u?) =0— (D/u*), (2) 


where @ is the average residence time of the carrier gas. 
It follows that a plot of the ratio of pulse retention 
time to that of the carrier ¢,,/@ is a linear function of 
1/ux, the slope being equal to the diffusion coefficient 
D. Beyond the flow regime where molecular transport 
governs axial dispersion, D is directly proportional to 
ux, hence t»,/@ becomes constant with the onset of 
turbulent diffusion. For gaseous systems the limiting 
value of D/ux at Reynolds numbers greater than about 
50 is d,/2x, where d, is the particle diameter. This 
limiting relation follows since turbulent axial diffusion 
has been shown theoretically*” and experimentally* to 
be characterized by d,u/D=2 at Reynolds numbers 
greater than 50. 

The measurement of molecular diffusivities of liquids 
by the technique under discussion requires further 
comment. The feasibility of such measurements has 
been demonstrated earlier by Levenspiel and Smith,® 
who extracted apparent molecular diffusivities from 
the dispersion data of von Rosenberg.’ However, 
response data are required at flow rates several orders 
of magnitude lower than those necessary for the 
determination of gas diffusivities. Defining the net 
axial dispersion D as the sum of turbulent and molecular 
diffusivities D, and D,,, respectively, 


D = Di+ D,, 
D/d,u=D,/d,u+D,,/d,u=4}+10-*/d,u, 


where we have assumed D,, for a liquid to be about 
10-* cm*/sec, while retaining the proportionality of D, 
and d,u for the turbulent contribution. It will be noted 
that the product d,w must be maintained at values 
much less than 10~* if the net measured diffusivity D 
is to represent the molecular diffusivity. For example, 
Levenspiel and Smith found D for n-butyrate in 
benzene to be about 3X10-* cm?/sec for dispersion 
measured at a flow rate of 610-4 cm/sec or about 
2 ft/day. 
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Rapid Diffusional Analysis by 
Chromatographic Methods 


J. Catvin GrppINGs AND SPENCER L. SEAGER 
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(Received October 4, 1961) 


HERE is a clear and important distinction between 
the method developed by the present authors! for 
the measurement of molecular diffusivity and that 
proposed by Carberry and Bretton.?* In the former 
case the internal flow volume, within an empty tube, 
has simple and well-defined physical boundaries and 
the asymptotic diffusion processes are subject to exact 
mathematical analysis. Diffusion coefficients can there- 
fore be obtained to within 1%. In the latter case the 
interstitial flow volume, within a packed column, has 
an unknown, complex geometry differing with each 
column preparation. An exact mathematical analysis 
is not possible. Even a statistical analysis must depend 
upon experimentally determined statistical parameters. 
Despite these drawbacks, packed columns have 
sufficient potential to warrant further analysis. Their 
use for obtaining accurate diffusion coefficients depends, 
as shown below, on a rather wide departure from the 
techniques just discussed. 
According to accepted chromatographic theory the 
theoretical plate height of a packed column is** 


H=f(2Adp, C,v) + (2yD,/2) +(C:+Cx)2, (1) 


where f(x, %2) is a function whose general features are 
understood, AX~3, dp=average particle diameter, v= 
flow velocity, and D,= gaseous interdiffusion coefficient. 
The terms C,, C;, and C, represent nonequilibrium 
dispersion contributions controlled by lateral gas-phase 
diffusion, lateral liquid-phase diffusion, and kinetic 
(especially adsorption) processes, respectively. These 
terms can be calculated exactly providing certain 
aspects of the packing geometry are known exactly.” 
The labyrinth factor y originating in the tortuous path 
along which diffusion must occur, is ordinarily 0.6-0.9. 
The plate height characterizes the pulse dispersion o 
through H=o?/L, where L=column length. 
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At very low velocities, H =2yD,/v. The measurement 
of H and » yields the product yD, (the apparent 
diffusivity) and not D, as implied.?* The 10-40% 
error thus incurred is not satisfactory. The authors 
would like to suggest an alternative method whereby 
is obtained experimentally with a known gas pair after 
which unknown pairs can be evaluated. Even this does 
not appear as satisfactory as the open tube method for 
reasons discussed below. 

Another alternative for possible diffusion measure- 
ments has been opened by recent theoretical develop- 
ments.®!° A small quantity of liquid applied to a glass 
bead column will collect primarily around the bead 
contact points due to capillarity. The liquid therefore 
inhabits pores of defined geometry and C; can be 
calculated.” If adsorption is negligible, C,=0, then all 
other terms can be maintained constant by holding 
the product, gas pressure X velocity, constant." The 
slope of the H—v plot yields C; and, in terms of this,’ 
the diffusivity of the sample gas absorbed in the 
liquid. 

Liquid-liquid diffusion can best be measured, again, 
in an empty tube using the same plate height equation 
as for a gas. 

Except for the modification of the Carberry-Bretton 
method in which ¥ is evaluated with a known pair, the 
methods proposed here involve use of the nonequi- 
librium C terms. This use has enormous practice 
advantages. First, one is not limited to low velocities. 
A gaseous system has been successfully evaluated at a 
Reynolds number of 150. The comparable highspeed 
possible with liquid systems is particularly important 
in view of the severe velocity restrictions imposed by 
the method of Carberry and Bretton* (~2 ft/day). 

A second advantage is the magnification of the pulse 
width. The Carberry-Bretton method depends upon a 
direct diffusional spreading which, with most liquids, 
requires nearly a day for a measurable o value of 1 cm. 
With the empty tube described earlier the apparent 
diffusivity of the pulse is increased by the factor 
1+-17*0?/48D?. This factor can be controlled to permit 
sufficient dispersion for measurement in a matter of 
minutes or even seconds. 

It should be emphasized that the use of high velocities 
and pulse magnification requires a precise knowledge 
of certain aspects of interstitial configuration. This is 
the reason for the excellent results obtained with the 
empty tube, and for the proposal to use glass beads. 
The nonequilibrium theory of chromatography is 
sufficiently versatile to be applied to other configura- 
tions, however complicated, provided only that they 
can be mathematically defined.” 

This work was supported by a research grant from 
the National Science Foundation. 
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“Thermal Decomposition of Nitrous Oxide”’ 
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RADLEY and Kistiakowsky! recently investigated 
the decay of NO in reflected shock waves. 
Assuming the mechanism 


N,O-N,+0, 
O+N:,0-N2+0:, (2) 
O-+N,0—2NO, (2') 


they deduced (ko+k2’) =(2 to 5) 10° cc mole sec 
at about 1800°K, and claimed that this supported one? 
and disproved another* of two previous estimates of 
ke’. I would like to offer two comments. 

First, their mechanism was oversimplified. A con- 
sumption of O atoms in their reaction (5), which they 
neglected, 


(1) 


O+N0+M—NO.+M, (5) 


with ks=(2 to 4)Xt0 cc’mole’sec'** and 
[M]= about 2.5X10-* mole cc as stated,! was 
kM JL[OJ[NO]=(5 to 10)X10°CO][NO]; but the 
consumption they claimed to measure was only 
(ke+hke’)[OJ[N2O]=(2 to 5)X10°LO][N,O]. Since 
[NO] was added equal to [N20] in five of their 13 runs, 
they neglected a reaction at least 10 times faster than 
the reactions they considered in these five runs. Since 
these five gave the same results as the other eight 
runs, it is difficult to see how their (k2+2’) could have 
been correct in any run. An objection to this argument 
is that ks might be smaller at 1800°K than at room 
temperature where it was determined.* It is im- 
probable that ks could be very much smaller, however, 
for Ogryzlo and Schiff’ found a negative activation 
energy for ks of only about 0.2 kcal/mole. 

Second, ke’ is really established more firmly than 
Bradley and Kistiakowsky imply. The discrepancy 
which they thought to resolve, of Kaufman and co- 
workers? with Fenimore and Jones,’ is only one of in- 
terpretation and has been explained. The actual 
estimates of Kaufman et al. at 880 to 1030°K agree 
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with the expression of Fenimore and Jones,* 
ko’ =1X10" exp(—28/RT) cc mole sec. 


Furthermore, if ke’ has roughly the values found by 
Kaufman and co-workers? at 880° to 1030° and by 
Fenimore and Jones* at 1400° to 1900°K, (2’) must be 
the reverse of the rate determining step for the bi- 
molecular decomposition of nitric oxide. Then k,’ can 
also be calculated from the reverse reaction, e.g., from 
the measurements of Kaufman and Kelso,® and this 
calculation agrees with the expression for kp’ given 
above. 
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YTENTIAL parameters of krypton have been re- 

examined recently by Mason.! Lennard-Jones? 12-6 
parameters (€/k=225°K, o=3.498 A) and modified 
Buckingham? exp-6 parameters (€/k = 200°K, rn =4.036 
A, a=13.5) are compatible with transport properties 
but will now reproduce second virial coefficient data 
either at high or low temperatures.* In addition, 
crystal energies calculated from these parameters are 
in worse agreement with experiment than those derived 


TABLE I. Diffusion coefficients of krypton. 





e/k (°K) a (A) 


D (cm? sec™) 


0.0948 
0.0977 
0.093+0.004 


166.4 
472.7 


3.679 





from virial coefficient measurements. Mason concludes 
that this incompatibility is unique to krypton among 
the rare gases, and suggests that it may indicate a 
fundamental weakness in our understanding of inter- 
molecular forces. Different conclusions are presented 
here. 
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The difficulties in assigning multipurpose potential 
parameters are: inadequacy of simple potential func- 
tions; varying sensitivities of different properties to 
particular aspects of the potential function; possible 
influence of three-body forces on the properties of 
condensed phases‘; and finally, differing accuracies of 
experimental measurements. It is still possible that one 
or more of these factors is responsible for the 
contradictions observed in krypton. 

Second virial coefficients of krypton above 0°C have 
been measured by Whalley and Schneider,® and by 
Beattie et al.*; both sets of measurements are in good 
agreement. Derived 12-6 potential parameters are 
e/k=166.4°K, o=3.679 A, (I), and ¢/k=172.7°K and 
o=3.591 A (II), respectively, and these parameters 
give values for the crystal energy in moderate agree- 
ment with experiment. Corresponding thermal con- 
ductivities and viscosities, calculated using equations, 
collision integrals, and higher approximation factors 
given in Hirschfelder e¢ a/.2 are shown, with experi- 
mental values’ in Fig. 1. If 1 and 2% are experimental 
errors of viscosities and thermal conductivities, re- 
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Fic. 1. Thermal conductivities and viscosities of rare gases. 
——— ¢«/k=166.4°K, o=3.679 A. ---€/k=172.7°, o=3.591 A. 
Experimental: thermal conductivities; Curie and Lepape, 
© Kannuluik and Carmen, A Keyes, [7] Srivastava and Saxena, 
VY von Ubisch; viscosities; @ Rankine, 4 Nasini and Rossi, 
WH Lestin and Leidenfrost. 


500 600 700 800 


spectively,’ then apart from the high-temperature con- 
ductivity of Von Ubisch’ the values calculated from 
the parameters I, agree with experiment, and those 
calculated from II are about 2% outside experimental 
error. Similar results are obtained from a comparison 
of calculated diffusion coefficients and the single 
experimental value® (Table I). 

Thermal diffusion measurements? are not reproduced 
by these parameters, even with an estimated 10% 
experimental error. That this behavior is not peculiar 
to krypton is demonstrated in Fig. 2, where the reduced 
thermal diffusion factor ap is plotted against 
logT*(T*=kT/e) for Ne, Ar, Kr, and Xe. Each 
calculation of T* was made from energy parameters 
based on equilibrium properties. So plotted the experi- 
mental points form a reasonably smooth curve differing 
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considerably from the theoretical curve.” This deviation 
may arise from the particular choice of the 12-6 func- 
tion. Moran and Watson® found that the exp-6 function 





0.6 








1 L 4 1 
0.2 04 06 08 
log T* 





Fic, 2. Reduced thermal diffusion factors of rare gases. Experi- 
mental: Moran and Watson; A neon? «/k=35.6°K, @ argon? 
e/k=119.8°K, © krypton e/k=172.7°K, () ¢/k=166.4°K, 

4 xenon® ¢/k=221°K, theoretical 12-6 curve. 


gives an improved fit to the experimental data, though 
even with an additional parameter there is systematic 
diiference in the change of the temperature dependence 
between the calculated and experimental values of a 
from Ne through Xe. Further the exp-6 parameters 
derived from these comparisons differ considerably from 
the equilibrium parameters for these gases. 

These calculations suggest that within the limita- 
tions of a 12-6 potential and the restricted range of 
experimental data, parameters describing the crystal 
energy, virial coefficients, viscosities, thermal con- 
ductivities, and the diffusion coefficient are not irrecon- 
cilable. Further experimental information and the 
consideration of more sophisticated potential functions 
appears necessary before the nature of the incom- 
patibility of the thermal diffusion results is apparent. 


* Supported by a grant from the Petroleum Research Fund. 
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Intermolecular Potential for Krypton 


EpwARD A. Mason 


Institute for Molecular Physics, University of Maryland, 
College Park, Maryland 


(Received August 28, 1961) 


ENDER! has re-examined the experimental data 

on krypton and reached a more optimistic conclu- 
sion than the rather pessimistic one I had suggested 
earlier.” His conclusion is more palatable on several 
grounds, and I think he is correct. 

The reason for our arriving at different conclusions 
starting from the same data are rather interesting, and 
deserve some comment. My basic conclusion can be 
paraphrased as follows: If one insists on fitting the 
transport data for krypton (including thermal dif- 
fusion) as well as possible, then it is not possible to 
reproduce the virial coefficients satisfactorily, and vice 
versa; this is not true for helium, neon, argon, and 
xenon, for which reasonable over-all fits of both trans- 
port and virial coefficients are possible. I believe this 
conclusion remains valid, but different inferences can 
be drawn from it, which is where Fender and I have 
differed. My suggestion was essentially that something 
appeared very peculiar about krypton, which might 
indicate a lack in our understanding of intermolecular 
forces. Fender’s procedure is to fit the second virial 
coefficients, accept a small discrepancy of about 2% in 
calculated viscosities and thermal conductivities, and 
not worry about a large discrepancy in thermal diffusion 
factors. He then shows that the experimental thermal 
diffusion factors of all the rare gases are reasonably 
concordant with each other, although not with the 12-6 
potential model. From this point of view the behavior 
of krypton is not unique. 

The main cause of the trouble thus appears to be 
the thermal diffusion factor ao. It has been remarked 
many times that ap is much more sensitive to the inter- 
molecular potential than any other transport coef- 
ficient. A small change in the nature of the potential 
function may well be able to alter ap without affecting 
the other properties appreciably, and so bring about 
essential agreement. On the basis of Fender’s analysis I 
would therefore suggest that it would be profitable to 
concentrate largely on thermal diffusion, both 
experimentally and theoretically. 


1B. E. F. Fender, J. Chem. Phys. 35, 2243 (1961). 
? E. A, Mason, J. Chem. Phys. 32, 1832 (1960). 
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Erratum: Far Infrared Spectrum of 
Disiloxane 


[J. Chem. Phys. 33, 1004 (1960)] 
D. W. ROBINSON AND W. J. LAFFERTY 


Department of Chemistry, The Johns Hopkins University, 
Baltimore 18, Maryland 


J. R. ARonson 
Arthur D, Little, Inc., Cambridge 40, Massachusetts 
AND 
J. R. Duric anp R. C. Lorp 


Spectroscopy Laboratory, Massachusetts Institute of Technology, 
Cambridge 39, Massachusetts 


HE far infrared spectrum of disiloxane has been 

reexamined between 30 and 100 cm™ using three 
different far-infrared spectrometers having spectral 
slitwidths of the order of 1 cm™: the instrument’ on 
which the compound was originally run,? a vacuum- 
enclosed Fastie-Ebert spectrometer* and a Perkin- 
Elmer model 201C instrument, which is similar in 
design and performance to the original instrument.’ 
With all three spectrometers the existence of absorption 
was confirmed, the maximum absorption coefficient at 
about 68 cm having roughly the value originally 
obtained (210* cm?/mol). An investigation which 
started as a search for the next lower maximum has 
failed, however, to confirm the maxima and minima 
previously reported,? and we believe that they are 
spurious. 

Study of the original records from which the points 
shown on the curves in Fig. 1 of reference 2 were 
obtained clearly indicates these maxima and minima 
at the pressures used, but we cannot say with certainty 
what produced them. They were possibly the result of 
a combination of: (1) slight drift in background between 
runs; (2) changes in water-vapor concentration in the 
optical path; and (3) variation in interference fringes 
in the polyethylene cell windows with pressure. We 
believe that no one of these factors alone could have 


+ — 
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Fic. 1. Far-infrared absorption of disiloxane_and disiloxane-ds. 
Spectral slitwidth about 1 cm7}. 
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produced the maxima and minima under the conditions 
of the original investigation, but obviously the detailed 
explanation of this spectral structure put forth by us 
in the original paper* no longer applies. 

The absorption spectrum of the fully deuterium- 
substituted molecule has now been observed under 
closely similar conditions to those used in the measure- 
ment of the disiloxane spectrum. A broad featureless 
band occurs with maximum absorption at a position 
indistinguishable under the conditions of the observa- 
tions from that of the disiloxane band, and with nearly 
the same absorptivity. The two bands have closely 
similar shapes, though the absorption of disiloxane-ds 
appears to be somewhat stronger on the low-frequency 
side. The two band contours are compared in Fig. 1, 
and show that there is little difference between them, 
as would be expected if the absorption is due almost 
entirely to the motion of the oxygen atom. 

Although the above results are rather indefinite in 
their structural implications, the low frequency of the 
absorption maximum, taken together with the very 
wide Si—O—Si bond angle (near 150°), does indicate 
a flat and anharmonic potential function for the bending 
motion. Thus the motion must be treated with due 
consideration of the special shape of the potential 
function characteristic of the quasi-linear molecule, as 
has been done by Thorson and Nakagawa.‘ However 
resolution of the fine structure predicted by them, 
which our earlier work? seemed to have verified, will 
apparently require considerably higher resolving power 
than is presently available to us, and possibly also a 
study of the molecule at greatly reduced temperatures. 

The authors gratefully acknowledge the financial 
sponsorship by the National Science Foundation at 
M.I.T. and the Air Force Office of Scientific Research 
at the Johns Hopkins University. 

1R. C. Lord and T. K. McCubbin, Jr., J. Opt. Soc. Am. 47, 
689 (1957). 

2J. R. Aronson, R. C. Lord, and D. W. Robinson, J. Chem. 
Phys. 33, 1004 (1960). 

’D. W. Robinson, J. Opt. Soc. Am. 49, 966 (1959). 

ih R. Thorson and I. Nakagawa, J. Chem. Phys. 33, 996 


Erratum: Magnetic Properties and Optical 
Absorption Spectrum of K,ReCl, 


[J. Chem. Phys. 34, 1628 (1961)] 


J. C. EISENSTEIN 


National Bureau of Standards, Washington, D. C. 


R. W. A. Runciman has kindly pointed out to me 
that in Table IIT the matrix element between the 
second *F,e state and the first *Tyye’ state should be 
4v3¢ instead of 4v3¢. This mistake does not appear in 
the manuscript or the galley proofs; the numerical 
results of the paper are therefore unaffected. 
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Erratum: Statistical Mechanics of Isotope 
Effects on the Thermodynamic Properties 
of Condensed Systems 


[J. Chem. Phys. 34, 1485 (1961)] 
JacoB BIGELEISEN 


Chemistry Department, Brookhaven National Laboratory 
Upton, Long Island, New York 


R. Marvin Stern has kindly called my attention to 
the following errata in the manuscript: 


(1) Multiply right-hand side of Eq. (3.9) by N-; 
(2) Eq. (3.14), replace (Ai2”)* by (Ai2”) 3; 


(3) Eq. (3.15), replace (49°N)—2yi2"(Ai2’)4 by 
N- Ep ie! (Aie” 4?) 4; 


(4) Eq. (3.18), write u2/> 27; 


(5) Eqs. (4.21) and (4.22). Each term on the right- 
hand side should contain the factor By. 


(6) In the equation in the middle of page 1492, 
y=aV/BC,, a is used in the conventional manner as 
the symbol for the coefficient of expansion, and not as 
the compressibility. The conventional symbol 6 has 
already been used for the compressibility; 


(7) Eq. (6.2), replace F by G. 


Erratum: Comprehensive Investigation of 
the Electronic Spectroscopy and 
Theoretical Treatments of Ferrocene and 
Nickelocene 


[J. Chem. Phys. 35, 516 (1961)] 
DonaLp R. Scott AND RAtpH S. BECKER 


Department of Chemistry, University of Houston, 
Houston 4, Texas 


HE majority of the following corrections were 

necessitated by the discovery of an error in group 
theoretical notation for the 4, orbital in the Dsa point 
group. This error also occurs in the original references 
1, 12, 16, and 17 as well as in other publications.' The 
correct notation for the 4, orbital in the Dsa group is 
do instead of du. 

In Fig. 5, the 4p(a1u) levels of Moffitt and of Dunitz 
and Orgel should read 4p(a2,). In Figs. 6 and 7, the 
p(ai.) level of Liehr and Ballhausen should read f(a2,.). 

In Table VII, line 2 should read a, for a;, under 
Dsa. In Table TX under Moffitt, line 9 should read 
4p(ao.) for 4p(a.). In Table [IX under Dunitz and 
Orgel, line 9 should read 4p(a2,) for 4p(a1..). In Table 
X under Dunitz and Orgel, line 2 should read ey— 
4p(d2.) for eiy—4p(aiu). Line 9, [e1u—4P(aiu) J, should 
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be entirely omitted. Add to this section of Tab'v X 
Qyg— 4p (dou) 22600 
In Table X under Moffitt, add 
h( dig) —4p(a2u) 31 000 z 


In Table XI under Moffitt, line 6 should read 
3d (24) —4p(d2u) instead of 3d(€2,) —4p(a1.). In Table 
XI under Dunitz and Orgel, line 4 should read e,.— 
4p(deu, €1u) instead of eg—4)(diu, e1.). Line 8 should 
be omitted and replaced by 


4400 exy—e1p’ (Cp+3d)—(Cp+3d) 19800 No. 


On page 526, paragraph 3, the next to last line should 
read 4p(d2.) for 4p(a),). In the first sentence of para- 
graph 4, the word three should be replaced by four. On 
page 527, paragraph 3, line 8 should read 4p(d2u) 
instead of 4p(a1,). The last line of this paragraph 
should read: The 4400 A (22 730 cm) band is assigned 
as the forbidden ¢,—¢,’ transition. On page 530, the 
first line of paragraph 3 should read 4400 A for 4000 A. 
On the same page, paragraph 7, line 7 should read 
4p (dou) for 4p (ai). 

1L. E. Orgel, An Introduction to Transition Metal Chemistry 


Ligand Field Theory (Methuen & Company, Ltd., London, 1960), 
Table 10.3.2, p. 157; D. Brown, J. Chem. Phys. 29, 1086 (1958). 


Notes 


Identification of an Electronic Transition 
of N,’+ 


P. K. CARROLL 

Laboratory of Molecular Structure and Spectra, Department of 
Physics, The University of Chicago, Chicago, Illinois 
AND 

A. C, HurLey 

Division of Chemical Physics, C.S.I.R.O., Chemical Research 
Laboratories, Melbourne, Australia 
(Received August 7, 1961) 


NEW headless band with origin at 1589.745 A 

was recently observed in a hollow cathode dis- 
charge through pure nitrogen at low pressure.! From 
the rotational structure of the band it was deduced 
that 

(a) The emitter is certainly molecular nitrogen (be- 
cause of the observed intensity alternation). 

(b) The band arises from a 'D—>'D or ?2—*D transi- 
tion, the lower state being either 2,* or 2,-. 

(c) It is probably a 0—O band. No other hands of 
the transition were observed. 

Since the B values showed that the v=0 level of 
none of the states of N2 or Net with known Bp values 
was involved, several hitherto unobserved states of 
Ne, Nat, and N,** were considered but a definite assign- 
ment could not be made on the basis of the spectrum 
alone. 
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TABLE I. Calculated and observed parameters. 








Transition d'!Z,*-+a !Z,* of N?t 


Calculated by 


Analysis of 
Method (a) Method (b) 


1590A band 





67629 
1.027 
1.032 


1867 
2108 


12.9X10°* 
10.4X10* 


64080 
1.165 ro. 
1.153 ro” 


1404 wo ® 
1635 wo” a 


11.310 Di 
8.9X10-* Dy" 


62903 .18 
1.1363 
1.1316 


(1910) 
(1960) 


7.1X10* 
6.9X10°% 


dD, * 
D,!' a 





® From D=4B*/w?. 





One of the possibilities considered was that the band 
might be the 0O—0 transition of the '2,*->'2,+ system 
of N.*+ which would be analogous to the Mulliken 
system of C2. As a theory has recently been developed’ 
which enables the potential curves for doubly positive 
diatomic ions to be calculated, this possibility has now 
been examined more closely. The theory relates the 
binding energy Ba(R) of a doubly charged ion (in this 
case N,**) to the binding energy B,(R), of the corre- 
sponding state of the isoelectronic molecule (C2) by 
means of the equation 


Ba( R) =— (1/R)+€B,(tR), 


where ¢ is a scaling parameter (see below). 

The B,(R) curves for the a!2,+ and d'Z,* states 
of C. were derived as Morse functions going to the 
limits C(?P)+C(8P) and C(!}D)+C('S), respectively, 
assuming Dol C2(a'Z,+) ]=6.50 ev* and taking the 
other parameters from Herzberg.‘ The potential curves 
for the corresponding states of N2’+ were then calcu- 
lated from Eq. (1) using the two different values of 
the parameter ¢ proposed in reference 2. 

(a) In the first calculation t=[Ta»(©)/Taw(%) }', 
where 7g,(©) is the kinetic energy of the valence shell 
electrons for the appropriate states of the separated 
ions N++Nt and T,,,(©) is the same quantity for the 
separated atoms C+C. 

(b) In the second calculation, ¢=[Ta()/T,(%) }= 
[ Ea()/E, (©) }}, where Ta() and 7,(%) are the total 
kinetic energies of the appropriate states of Nt+Nrt, 
C+C, respectively, and Hy(o) and E,(o) are the 
experimental total energies of these states. 

The resulting N+ potential curves are all qualita- 
tively of the form shown in reference 2 (Figs. 1 and 2). 
For small nuclear separations there is a local energy 
minimum lying well above the dissociation limit. With 
increasing nuclear separation each curve rises to a 
maximum more than 1 ev above the minimum and 
then falls smoothly to the dissociation limit. Because 
of the height and breadth of the maxima, tunneling 
may be neglected at least for the lower vibrational 
levels and the quantities r,’, r.’, we’, we’, ve and vp for 


(1) 
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the transition d'2,*—+a'Z,*+ may be calculated from 
the positions and curvatures of the minima in the 
potential curves. In Table I these quantities are com- 
pared with the data from the analysis! of the new band. 

The good agreement between calculated and observed 
quantities in Table I, together with-the deductions 
from the spectrum (a, b, and c above) indicate that 
the new band is in all probability the 09—0O transition 
of the d'Z,+—a 'Z,* system of N,’*+. The identification 
is also satisfactory in view of the difficulty experienced! 
in trying to assign the band to Ne or N2*. Furthermore, 
in terms of simple molecular orbital theory the situa- 
tion is not unfavorable for the appearance of the doubly 
ionized spectrum. Thus although the 0,2 electrons in 
Ne are bonding the removal of one of them to produce 
the ground state of N.* changes 7 only slightly, from 
1.100 to 1.119 A. On the basis of the present identifica- 
tion the removal of the second o,2p electron produces 
a further small and approximately equal increase in 
ro from 1.119 to 1.132 A. The upper state, d'Z,*, is 
formed by the removal of a 0,2 and an antibonding 
o,2s electron. Consequently both states are produced 
without the removal or excitation of any of the more 
strongly bonding electrons in the Ne molecule. 

Both methods of computing ¢ were considered in 
reference 2 although all numerical results were based 
on method (a). It now appears that method (b) leads 
to more accurate results. The appearance potentials 
have therefore been recalculated’ using method (b); 
the new values differ but little (+0.5 ev) from those 
of reference 2. 


1P. K. Carroll, Can. J. Phys. 36, 1585 (1958). 

2A. C. Hurley and V. W. Maslen, J. Chem. Phys. 34, 1919 
(1961). 

’W. A. Chupka and M. G. Inghram, J. Phys. Chem. 59, 100 
(1955). 

4G. Herzberg, Spectra of Diatomic Molecules (D. Van Nostrand 
Company, Inc., Princeton, New Jersey, 1950). 

5 A. C. Hurley and V. W. Maslen (to be published). 


Polarized Phosphorescence in Crystalline 
Hexachlorobenzene at 77°K 


Dan W. OLps 
Department of Physics, Duke University, Durham, North Carolina 
(Received June 5, 1961) 


IX an investigation of the polarization of emission 
spectra from crystalline chlorobenzenes,’ it was 
found that hexachlorobenzene has a particularly de- 
tailed phosphorescence. The definite polarization ob- 
served in the emission from the crystalline state is of 
interest not only as apparently the first example? to be 
reported, but also because it is possible, from such 
spectra, to draw conclusions concerning triplet-singlet 
mixing in the molecule. 


THE 


EDITOR 


TABLE I. Analysis of hexachlorobenzene phosphorescence 
at 77°K. 








Band cm Analysis 





24 322 
210 


0-0 
-112 

038 —284 
23 981 -341 

938 -384 

872 -112-341 

829 -112-384 

698 —284-341 

652 —284-384 

601 ~341-384 

537 ~—112-284-384 

487 -112-341-384 

368 -954 

319 -1003 

265 112-954 

210 ~112-1003 
-1236 
112-1236 
—384-1003 
-1534 
1534-112 
—1534-160 
-1534-314 
-1534-341 
—1534-112-341 
-1534-284-341 
—1534-341-384 
—1534-112-341-384 
1534-954 
~1534-112-954 
—1534-1236 
—1534-112-1236 
-2X 1534 
-2X 1534-160 
~2X 1534-314 
-2X 1534-112-341 


t 


SAS apovws 


-_ 
ab 








Hexachlorobenzene, purified by Sears and Hopke,* 
was crystallized from melt pressed between quartz 
disks. A region of uniform extinction between crossed 
polaroids was selected. An oriented sample was placed 
in boiling Ne, illuminated from) behind by a General 
Electric A—H6 mercury arc and photographed through 
a Wollaston prism mounted inside a Hilger E2 
spectrograph. 

The extinction directions are the 6 axis and a per- 
pendicular to it. Normals to the molecular planes are 
20° from the 6 axis.‘ A condensed microphotometer 
tracing is shown in Fig. 1 and an analysis in Table I. 
The polarization is most prominently influenced by the 
112 cm™ separation. Its origin is not well understood. 
112 cm™ is too large to be interpreted as a splitting of a 
degenerate mode, but it could be a librational lattice 
mode. The other frequencies used in the analysis are 
(Raman data in parentheses®*): 160(166), 284(275), 
314(324e,+), 341(344), 384(372a,,), 954(937e,*), 
1003(1014), 1236(1226a,,), 1534(1515e,*). 

The first band (A) is taken to be the O—O band since 
(a) there is no fluorescence,’ hence strong phosphores- 
cence with a 0—0 band should occur; (b) the relatively 
heavy chlorine atoms on the ring will enhance both the 
0—O band and the total transition probability; (c) 
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23000 22 000 21 000 
cm" 
Fic, 1. Microphotometer tracing of two polarization compo- 
nents of the phosphorescence of crystalline hexachlorobenzene 


at 77°K. 


24.000 


interpretation of A as a 0—1534 transition can be ruled 
out because that would shift the 0O—0 by 1534 cm™ 
and give a smaller triplet-singlet splitting than found 
in similar substituted benzenes; (d) if A represents 
0—1534 (making the transition allowed), band K 
would become 0—2X 1534 and should be weaker than 
A, contrary to observation. 

Both polarization components have an allowed 
shape. The 1534 vibration appears prominently in both, 
as does 21534. To explain this it is necessary to 
abandon the De, model for the molecule in the crystal. 

Symmetry Dy, previously suggested by Schnepp 
and Kopelman,’ has one (and only one) representation 
which satisfies these requirements. *A;, mixes (by 
spin-orbit coupling) with 'Z,, and 'A», giving an 
allowed in-plane and an allowed out-of-plane compo- 
nent, respectively. Furthermore, an ¢,+(Dg) vibration 
becomes e, and is allowed, singly or multiply excited, 
in both components. 

In the puckered ring model (Dz), the C2 axes pass 
through C—C bonds. Making this correlation to Ds, 
we find that *A;, corresponds to the *By, state of 
benzene. This contradicts the usual *B,, assignment.® 
This contradiction must stand unless the molecular 
symmetry is incorrect or the allowed character of the 
phosphorescence is crystal field induced. 


' The author is indebted to Dr. O. Schnepp for suggesting this 
research while the latter was working on polarized absorption in 
such molecular crystals at Duke University. 
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2 After submitting this letter, we were informed that A. C. Al- 
brecht and P. G. Russell found polarized phosphorescence of 
hexachlorobenzene in rigid glass. (Abstract, Molecular Spec- 
troscopy Symposium, Columbus, Ohio, June, 1961). 

a Sears and E. R. Hopke, J. Am. Chem. Soc. 71, 1632 
(1949). 

‘A. Tulinsky and J. G. White, Acta Cryst. 11, 7 (1958). 

§ Landolt-Bérnstein, Kristalle (Springer-Verlag, Berlin, 1955), 
6th ed., Vol. I, part 4, p. 684. 

6 J. W. Murray and D. H. Andrews, J. Chem. Phys. 2, 119 
(1934). ‘ 

70. Schnepp and R. Kopelman, J. Chem. Phys. 30, 868 (1959). 

5 The author wishes to thank A. C. Albrecht (private communi- 
cation) for pointing out this fact, showing that a further reduction 
of symmetry was not necessary. 

9A. C. Albrecht, J. Chem. Phys. 33, 937 (1960). 


Remarks on Homogeneous Nucleation* 


WELBy G. CouRTNEY 
Exploratory Research Laboratory, Texaco Experiment Inc. 
Richmond, Virginia 
(Received April 24, 1961) 


LTHOUGH the classical liquid-drop theory of the 
kinetics of homogeneous nucleation from the vapor 
phase has well-known limitations when applied to 
small clusters,** it is generally concluded** (however, 
see Mason") that the liquid-drop theory is in satis- 
factory agreement with experiments by Volmer and 
Flood” and others. This agreement has led various 
authors to apply the liquid-drop methodology to 
liquid-solid transitions,'* nucleation from dilute solu- 
tions,"* crystal growth,'” binary systems,'* etc. This 
letter presents a correction to the liquid-drop theory 
which, although of minor practical significance, should 
be noted. A detailed discussion is given elsewhere.” 

The problem is to determine the rate of homogeneous 
formation of nuclei/volume: time in a mixture of super- 
saturated monomer vapor 4A, clusters of a second 
phase B, and inert gas Z. The concentration of nuclei 
is required since experimental results are usually inter- 
preted in terms of concentration of drops. 

From elementary thermodynamics, the change in 
free energy ® when g molecules of A form an A, cluster 
in the presence of z molecules of Z is given at equilib- 
rium by 


5b=0=4,—gbatkT In@,—gkT In@a, _— (1) 


where ¢, is the chemical potential of a molecule (or 
cluster) of the ith constituent at unit activity, & is 
Boltzmann’s constant, T is absolute temperature, and 
Q; is the activity of the ith constituent. Equation (1) 
is independent of z if activities are related to partial 
pressures or concentrations. 

Frenkel® and others considered a pure system and 
equated @; to the mole fraction x, of the ith constituent. 
The quantity ¢,—gda is the change in chemical po- 
tential at the temperature specified in Eq. (1) when g 
molecules of A at a mole fraction of one and an un- 
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specified pressure are converted to an A, cluster at a 
mole fraction of one and an unspecified pressure. 
Frenkel and others incorrectly neglected to specify the 
partial pressure of the cluster (although it is considered 
to be a “molecule”) and concluded that the potential 
of a cluster is given by volume and surface free energies, 
or ¢,=¢sg+ug’®, where dz is the chemical potential 
of a molecule of A in the bulk liquid B, 


u=4ara(3m/4rp)?', 


o is the surface tension of B, m is the mass of a molecule 
of A, and p is the density of B. Therefore, ¢,—g¢4 = 
(dp—a) gt+ug?*®=—gkT InS+pg"* where S=p/po and 
is the supersaturation and @s—¢a is the change in 
chemical potential when a molecule of A at any pres- 
sure p is changed to bulk liquid and thus to a pressure 
fo in equilibrium with the bulk liquid. Since 2a,<«x,, 
substituting the above value of ¢,—gda into Eq. (1) 
and dividing by volume gives the concentration of the 
A, cluster at equilibrium as 


C,=CaK,=Ca exp{g InS—ypg?!*/kT}, 


where Cy, is the concentration of A molecules. 

To correct the omission of Frenkel and others, it will 
be noted that ¢,—gda may be written as ¢$,°—gda°+ 
(1—g)kT InP, where P is the total pressure in the 
system and is equal to p for the present pure system 
and ¢,°— g¢a° is the change in chemical potential when 
g molecules of A at 1 atm pressure are isothermally 
converted into one A, cluster at 1 atm. Clusters are 
considered to be ‘‘molecules.” This conventional choice 
of standard state is of course arbitrary, but ¢,°—gd@a° 
now can readily be equated to the sum of three Ad’s, 
where (1) g molecules of A at 1 atm are changed to 
gA at a pressure po, Adi=gkT Info, (2) g molecules of 
A at a pressure fo are converted to an A, cluster 
(molecule) at the same pressure po, A¢2=yg*’*, and (3) 
an A, cluster at fo is changed to a cluster at 1 atm, 
Ads=—kT Info. Therefore, ¢,—g¢a4=(1—g) kT InS+ 
ug?’’, If one writes Eq. (1) with @;=x;=C,;RT/p and 
substitutes the present value for ¢,—gd@a, the correct 
value for the equilibrium concentration of the A, 
cluster is 


C,= Cy exp{g InS—yg?’*/kT}, (2) 


where C» is the concentration of A monomer in equilib- 
rium with bulk liquid. The Frenkel theory thus predicts 
a value for C, which is too high by a factor equal to the 
supersaturation C4/C». 

Following the Frenkel derivation for the steady- 
state rate of formation of nuclei J,, it can readily be 
shown that 

43 


=CyC4(2moa/r)*(an/p) exp; — - 
T,=CoCa(2mo/2)*(an/p) exp 27(kT)} (InS)? 


; (3) 


where a, is an accommodation coefficient for nucleation. 
The value for 7, derived by Frenkel again is too high 
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by the factor C4/Co. Equation (3) is independent of 
any inert gas and is thus applicable to the water vapor- 
air mixture used by Volmer and Flood.” 

The present correction to the Frenkel theory of 
homogeneous nucleation is of minor practical signifi- 
cance since experimental errors are much greater than 
the supersaturation and the exponential factor in Eq. 
(3) remains unchanged and continues to dominate the 
theoretical nucleation rate. However, recent unpub- 
lished results by the writer have indicated that the 
initial supersaturation in a condensing system must 
be 10% higher if Eq. (3) is used to give theoretical 
rates of condensation similar to those obtained using 
the Frenkel theory. 


* This work was supported by the Office of Naval Research. 
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On the Classical Approximation in 
Unimolecular Reactions 
and Mass Spectra* 


B. S. RABINOVITCH AND J. H. CurRRENTT 
Department of Chemistry, University of Washington 
Seattle, Washington 
(Received August 14, 1961) 


T has been pointed out by Marcus and Rice! that 
the classical approximation to the density of vibra- 
tional states is poor at low excitation energies, particu- 
larly for the activated complex. In connection with 
photoionization and electron impact phenomena, 
Rosenstock? has concluded from RRK* calculations of 
rate constants, on both a classical and particular 
quantum model, that for rates of mass spectrometric 
interest (10° sec~!) the classical approximation is 
seriously in error, particularly near the threshold 
energy; and to fit much existing mass spectral data this 
error leads to a drastic empirical reduction in the 
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TABLE I. Harmonic oscillator energy level sums (logio). 


EDITOR 








E (units e,) 0.3 0.5 1.0 
Class. 1.4814 
Semiclass.° 
Exact 3.9136 


a> 0.85. 


1.3 
3.0660 
5.0627 
4.8907 
0.89; 


CHCh,* w(cm~) : 260(2), 364, 667, 760(2), 1205(2), 3033; ¢.=12.17 kcal mole 


2.0 
4.1909 
5.7755 
5.6595 
0.91; 


CH,Cl,* w(cm™) : 732, 1015(2), 1355, 1455(2), 2966, 3042(2); «-=22.96 kcal mole 


Class. — 1.8960 0.8137 
3.5230 
Exact 2.0170 3.3226 


a 0.86. 0.900 


Semiclass.° 


2.3984 
4.3951 
4.2732 
0.92, 


3.5230 
5.1079 
5.0233 
0.935 


*3He,4 w(cm™) : 740(2), 870(3), 1080(7), 1459(3), 3051 (6) ; «.=49.05 kcal mole“! 


Class. —7.9502 —3.2917 3.0293 
6.7276 9.3509 
Exact 3.9681 5.7152 8.8297 


a> 0.805 0.84, 0.88, 


Semiclass.° 


6.7276 


11.3862 
11.0631 


0.91; 


9.3509 
13.0490 
12.8301 

0.925 


*3H6,4 w(cm™) : 556(3), 760(4), 880(5), 1139(3), 2282 (6) ; ¢.=37.45 kcal mole 


Class. —8.0230 

Semiclass.° 6.6558 9.2797 

Exact 3.9257 5.6692 8.7688 
ab 0.81; 0.84. 0.89 


—3.3638 2.9579 


6.6558 
11.3146 
10.9994 

0.916 


9.2797 
12.9774 
12.7624 

0.93; 


13.0490 

15.6725 

15.5511 
0.94, 


8.0 
9.6094 
10.0697 
10.0572 

0.97; 








®'G. Herzberg, Infrared and Raman Spectra (D. Van Nostrand Company, Princeton, New Jersey, 1945). 

> For use with noncommensurable multifrequency models to make (E+aez) */I'(s+1) [1Av; equal to the exact sum. 

© Given as the upper limit of the integral (for the reasons in footnote 13), with insignificant effect caused thereby even at lowest energy presented. 
4 Frequencies grouped near the geometric mean of those given by H. Gunthard, R. C. Lord, and T. R. McCubbin, Jr., J. Chem. Phys. 25, 768 (1956). 


effective number of oscillators s relative to the total 
number involved. 

These conclusions are of general importance for all 
types of unimolecular processes. They apply with 
greater force for specific dissociation probabilities 
below 105 sec~ but are found to be still valid (and not 
only for the complex) at energies associated with life- 
times below 10~ sec**®; obviously the magnitude of 
the classical error varies with the energy of the species 
and of the complex, and in the pattern of vibrational 
levels concerned. In fact, the limitations of the classical 
statistics have been recognized in principle (although 
frequently forgotten) since the early formulation of 
unimolecular theory.* Practical recognition, following 
the cogent reminders of Marcus and Rice,' has already 
been given in comparatively successful treatments of 
the decomposition rates of molecules and radicals** 
produced in nonequilibrium systems at vibrational 
energies from ~40-110 kcal mole, with activated 
complexes from 1-50 kcal mole; in these quantum 
statistical calculations, all vibrational modes were 
used,®» and the empirical parameter s was dropped. 
Reasonable fit of conventional thermal unimolecular 


reactions has been made by Wieder and Marcus,’ with 
all modes active. For thermal CH;NC isomerization, s 
(classical) is ~3 while the quantum statistics gives 
good agreement with all 12 modes.'° Given the postulate 
of internal randomization of energy for species produced 
in the mass spectrometer from the theory of Rosen- 
stock et al." then the quantum statistics should afford 
an improvement in-such cases also. 

We present here some direct comparisons of vibra- 
tional density approximations with harmonic oscillator 
exact sums. These reveal the approximation errors for 
various frequency patterns and total energies E. Table 
I gives >°g; (g; is the ith level degeneracy), and 


I *N (ede 


for the “classical” and ‘semiclassical’! approxima- 
tions; 


Neale) =e /T'(s) hv i; Nsomi(e) = (e+es)*/I'(s) hv, 


where ¢,=total zero-point energy.’ An empirical cor- 
rection factor a, used earlier,® is evaluated to reduce 
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the need for exact summations; i.e., 


x (e+ae,)*/T' (s) hy;. 


N corr (€) 


The nature of these approximations is immediately 
evident for degenerate oscillators: For the jth level of 
s oscillators, the quantity (j-+s—1)!/j! is replaced by 
j8 or (j+s/2)*", respectively; the classical approxi- 
mation becomes correct only for j>>s/2. 

The exact sums were made with an IBM 709; high- 
energy programs are drastically shortened by judicious 
grouping of frequencies.’:* For kinetics purposes, many 
species are adequately represented by four groups, very 
well by five, and few require more than six groups. 
Anharmonicity corrections are readily introduced. 

The general characteristics of the failure of the ap- 
proximations, for a given vibration pattern, will be 
repeated at higher (or lower) total energies if either 
the frequencies or degeneracies are raised (or lowered). 
This is useful in assessing the validity of approximate 
calculations, or the magnitude of the correction factor 
a, for other species of interest at particular energies of 
concern. From comparisons with the values of Table I 
or other known examples, even rough a estimates 
permit fairly accurate correction of the semiclassical 
expression for many purposes. Alternatively, @ may 
be determined at a few energies by exact count and 
graphed, as was done’ for cyclopropanes at energies of 
100-120 kcal mole, and k(e) >10" sec. 

For most chemical studies the critical energies, and 
hence total energies employed whatever the excitation 
method, fall below 200 kcal (or usually 100 kcal), and 
are “independent” of the molecular frequency pattern. 
For much of this energy region we see that not even 
the semiclassical approximation is adequately valid, 
although a remarkable improvement over the classical 
expression. Further details will be presented later. 


* This work was supported by the Office of Naval Research. 

+ N.S.F. Predoctoral Cooperative Fellow. 
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Thermodynamic Functions for Eighteen 
Elements Taken as Ideal Monatomic 
Gases* 


Joun S. GORDON 
Thiokol Chemical Corporation, Denville, New Jersey 


(Received July 17, 1961) 


HE tables of Kolsky e¢ al.' for 54 electrically neutral 

monatomic gases have been extended to include 
the elements Mo, Ru, Sn, Te, I, Hf, Ta, W, Re, Os, 
Ir, Tl, Pb, Bi, Ra, Th, and U. Also, functions of Si 
have been revised slightly. The tables include the func- 
tions —(F°—Hy°)/T, (H°—H,y°)/T, S°, C,°, and 
H°— Hogg° over the temperature range 300-6000 °K 
at 100° increments, and have been useful in studies of 
rocket propellant performance, ablation, and other 
high-temperature processes. 


* Detailed text and tables have been deposited as Document 
number 6930 with the ADI Auxiliary Publications Project, 
9. manne Service, Library of Congress, Washington 25, 

“ei; may be secured by citing the document number and 
cuolidied 3.75 for photoprints, or $2.00 for 35-mm microfilm. 
Advance payment is required. Make checks or money orders 
payable to: Chief, Photoduplication Service, Library of Congress. 

1H. G. Kolsky, R. M. Gilmer, and P. W. Gilles, Report{LA 
2110, Los Alamos Scientific Laboratory (1957). 


Observations of Induction Times in the 
Acetylene-Oxygen Reaction 


W. C. GarpINeR, JR.* 
Gibbs Chemical Laboratory, Harvard Universjty, 
Cambridge, Massachusetts 
(Received August 2, 1961) 


SHOCK-tube study of the vacuum ultraviolet 
chemiluminescence from the acetylene-oxygen 
reaction was carried out by Richards.' It was found 
that the emission of this radiation was preceded by in- 


TABLE I. Induction times for the acetylene-oxygen reaction. 








Shock 
velocity 
(m/sec) 


Starting 
pressure 
(mm) 


Induction 
period 
(usec) 


Temperature 
(deg K) 


Run 





4.64 735 

3.60 800 2050 

3.40 710 1660 
.42 1990 
.09 1620 
23 5 1610 
41 5S 1850 
23 


1750 
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Fic. 1. Induction times vs inverse temperature. This work, 
—__———; Schott and Kinsey,- ------- -<e--- , 


duction periods in a manner which suggested a branch- 
ing chain mechanism closely analogous to that proposed 
for the hydrogen-oxygen reaction.’ Details of this 
mechanism have been discussed.!* 

A series of experiments using the x-ray densitometric 
technique* was undertaken to determine the relation- 
ship of the chemiluminescence to the heat evolution of 
the reaction. The apparatus employed was described 
previously.© A mixture was prepared consisting of 
96.61% xenon, 1.35% acetylene, and 2.04% oxygen. It 
was intended that the experimental conditions be 
nearly the same as those employed in the chemilumines- 
cence studies, which meant that the starting pressures 
were considerably lower than in previous work with the 
x-ray densitometric technique. The conditions of eight 
incident shock waves are given in Table I. 

Due to the low concentration of x-ray absorber, the 
signal-to-noise ratio of the oscilloscope records was too 
low for quantitative density measurements. The quali- 
tative appearance of the records was as follows. The 
sudden increase in density in the incident shock wave 
was followed first by a short period of constant density 
and then by a slow decrease to a somewhat lower 
density, which remained constant thereafter until the 
arrival of the contact surface. The decrease in density 
can be attributed unambiguously to release of heat in 
the approach to final equilibrium. To obtain a value 
for the induction time from a density record, straight 
lines were drawn through the initial constant density 
level and the following decrease, and the intersection 
taken to be the end of the induction period. The time 
elapsed between the passage of the shock and the end 
of the induction period was multiplied by the value of 
the density ratio of the incident shock calculated from 
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the shock velocity to obtain the length of the induction 
period in gas time. Table I lists the results obtained. 

The mechanism proposed! for the branching chain 
reactions governing the induction period in this re- 
action predicts that the product of oxygen atom con- 
centration and induction time plotted logarithmically 
against inverse temperature should yield a straight 
line. This is shown in Fig. 1. Least-squares analysis of 
the results yields the value 19.0 kcal for the activation 
energy of the rate controlling step of the reaction, with 
a standard error of estimate of 2.6 kcal at 50% con- 
fidence level. 

Since the results of the chemiluminescence experi- 
ments yield similar values for the induction periods, it 
is clear that the emission of ultraviolet light starts at 
about the same time as the release of heat. The impli- 
cations of this are discussed elsewhere.'* The induction 
times obtained mass spectrometrically at lower tem- 
peratures scatter uniformly about the extrapolated 
solid line.* The striking correlation of the acetylene- 
oxygen and hydrogen-oxygen* induction periods can 
be seen in the close agreement of the two least squares 
lines shown in Fig. 1. 

This work was supported by the Office of Naval 
Research. 


* Present address: Department of Chemistry, The University 
of Texas, Austin, Texas. 
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Zero-Point Vibrations in Benzene 


R. STEPHEN BERRY 
Sterling Chemistry, Laboratory, Yale University 
New Haven, Connecticut 
(Received July 18, 1961) 


HIS note is written to point out some elementary 
but interesting conclusions about benzene, which 
one can draw from just a little well-known information: 
the vibration frequencies of the two Bs, modes of the 
benzene molecule, and the currently popular values 
for “natural” single and double bonds between trigonal 
carbon atoms. Mair and Hornig! report the vibrational 
frequencies v4 and 5 as 1310 and 1150 cm™, re- 
spectively; Scherer and Overend have substantiated 
this assignment from their examination of the Urey- 
Bradley force field.2 Carbon-carbon bond lengths have 
been much discussed; a summary of recent literature 
is included in an article by Bernstein.® 
We shall suppose the double- and single-bond lengths 
appropriate to a hypothetical cyclohexatriene molecule 
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are 1.335 and 1.465 A, respectively; these are probably 
not in error by more than 0.01 A. We note that within 
0.003 A, these bond lengths make it possible for benzene 
to attain the cyclohexatriene structure by a distortion 
only along the Bs, symmetry coordinate Sy, in the 
notation of Wilson et al.4 This symmetry coordinate 
corresponds to stretching and shrinking alternate 
C—C bonds around the ring. 

First, what energy is necessary to distort benzene 
into our chosen ‘“cyclohexatriene” structure? This 
question was examined by Hornig’ who used 1.54 A as 
his chosen single-bond length. We find that the reduc- 
tion of this figure to 1.465 makes a drastic difference in 
the conclusions. From the analysis of Crawford and 
Miller, Hornig found that the force constant for the 
Su symmetry coordinate is 4.361 or 3.926X10* d/cm. 
Let us treat this as if it were a true harmonic force 
constant to estimate the energy difference between 
the equilibrium configuration of benzene and our 
chosen cyclohexatriene structure. We find readily that 
with 

Su=67X0.065X6, 


the total energy of distortion is only 7.92 or 7.14 
kcal/mole. 

By comparison, the zero-point energy of the higher 
frequency Bz, mode, which is principally composed of 
the Sj symmetry coordinate vibration, is 1.87 kcal. 
The cyclohexatriene structure, therefore, has an 
energy between that of the first and second excited 
states of the »4 vibrational degree of freedom. 

We can also inquire into the magnitude of the dis- 
placement associated with achieving the cyclohexa- 
triene structure. The displacement, measured in 
classical amplitudes, is (7.92/1.87)! or (7.14/1.87)}, or 
2.06 or 1.95, respectively. Continuing to treat the vibra- 
tion as a harmonic mode and examining the area under a 
|y |? curve, we conclude that benzene in its ground 
vibrational state spends about 15% of its time at least 
as distorted as our hypothetical cyclohexatriene 
molecule. 

Finally, we estimate that if a force constant of 4.361 
or 3.926105 d/A is associated with a vibration whose 
natural frequency is 1310 cm™, then the classical zero- 
point amplitude of motion for a carbon atom in this 
mode is 0.031 or 0.033 A, which is a surprisingly large 
figure. 

The question arises immediately as to the origin of 
such large-amplitude, low-energy motion. A suggestion 
was made by the author,’ in connection with the dis- 
torted rings of crystalline dibenzene chromium, that 
the w electrons are not the major source of stability for 
the regular hexagon, and that in fact the m electrons 
might well have a lower energy if the rings approach 
“cyclohexatriene’’-like shapes. This would imply that 
the electrons are largely responsible for the ease of 
distortion, and that the o electrons determine the 
regular hexagon structure. Snyder® has carried out 
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Hiickel model calculations of # and @ contributions to 
the energy of the By, distortion of benzene, and con- 
cludes that this is indeed the case. The numerical 
values of the contributions are sensitive to the exact 
form of the potential. Nonetheless, two rather different 
potentials, those of Lennard-Jones’ and of Longuet- 
Higgins and Salem” both show the z electrons to be 
contributing to the instability of the regular hexagon 
of benzene, and therefore to the large-amplitude 
motion. 


1R. D. Mair and D. F. Hornig, J. Chem. Phys. 17, 1236 (1949). 

2 J. R. Scherer and J. Overend, Spectrochim. Acta (to be pub- 
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Electron Spin Resonance Measurements of 
Preferred Orientation in Quickly Frozen 
Hydrogen Peroxide Solutions* 


Rosert C. Smrrut anp S. J. Wyarpt 
Physics Department, Guy’s Hospital Medical School, 
London, S.E.1, England 
(Received August 23, 1961) 


HE free radicals produced by the ultraviolet ir- 

radiation of H,O.—H,0 solutions can be stabilized 
at low temperatures and detected in this state by elec- 
tron spin resonance (ESR).!? The measurements re- 
ported here use the ESR spectrum obtained from these 
radicals to determine the distribution of crystallites 
within a frozen sample. 

The solutions were put into quartz glass tubes of 
2-3 mm i.d. and then frozen by plunging the tubes into 
liquid oxygen. 97% w/w H,0.-—H.0 produced a poly- 
crystalline material’ and this was used for the first 
experiments. 

The material was tested to see if there was any pre- 
ferred orientation of the crystallites to the tube axis. A 
tube was constructed of three pieces so that the middle 
section of 5 mm length could be removed after the 
solution had frozen. This section was irradiated at 
90°K with the light falling perpendicular to the tube 
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Fic. 1. First derivative ESR spectra of uv irradiated H2Oc. 
(a) and (b) Polycrystalline material, sample tube axis making 
angles @ to the magnetic field direction. These two spectra show 
DPPH markers superimposed on the trace. (c) Glass material, 


spectrum independent of angle 6. All spectra recorded at 9.35 
kMc/sec. 


cross section. After irradiation the tube section was 
mounted in the spectrometer cavity so that ESR 
spectra could be recorded with the tube axis making 
various angles (@) to the magnetic field. As angle @ 
was altered, marked changes in the ESR spectra were 
recorded and two typical spectra are shown in Figs. 
1 (a) and (b). The g values for the derivative peaks 1 
and 2 were independent of @ with g:=1.999, go.=2.017. 
The g value for peak 3 showed a large variation with 0 
approximately described by g’?=g,,* cos*@+g,’ sin’@, 
where gi;=g2 and gi =2.042. This result shows that 
crystallization does not take place so that the crystal- 
lites are randomly orientated but that there is a pre- 
ferred orientation for the crystallites with an appreci- 
able number of crystallites lying at this orientation. 
The unit cell of H,O, is tetragonal‘ and the preferred 
orientation can be explained if the 001 plane of the 
crystallites makes one particular angle to the tube axis. 
Measurements to be discussed in the next paragraph 
determine this angle to be 90°. The process of crystallite 
alignment takes place on the crystallization boundary 
as it moves along the tube axis. 

It is also possible to examine preferred orientation 
relative to the tube wall. The test rests on the short 
_ penetration of uv into H.O.—H,O so that, if the irradia- 
tion is perpendicular to the tube axis, a thin section of 
solution is selected lying on one side of the tube cross 
section. Spectra were recorded for the tube rotated 
about its axis, with @=90°. The spectra were always 
similar to Fig. 1 (b) and the g values of the peaks re- 
mained constant. However, as the angle about the 
axis was altered, the height of peak 2 varied, the spec- 
trum shape repeating every 90° of rotation. This result 
cen be explained if the 001 crystallite plane lies per- 
peadicular to the tube axis and one particular mno 
pane lies parallel to the tube wall. The irradiated 
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H.0.—H,0 sample then shows the fourfold symmetry 
of the tetragonal crystallites. Bolz et al.® have re- 
ported x-ray diffraction studies on 90-95% w/w 
H.O.—H.O crystallized by warming the vapor deposited 
glass. They found® that the 210 plane was orientated 
parallel to the depositing surface. 

In the above discussion it has been assumed that the 
radicals take up the same positions in H,O, lattice as 
the HO, molecules. Other measurements? have shown 
that the radical has uniaxial symmetry. with g); =2.039, 
gi =2.0055. The spectra of Figs. 1 (a) and (b) can be 
explained if the axis of symmetry lies along the O—O 
bond direction of the HO, molecules. Consideration of 
the unit cell* shows that for @=0° all the radicals then 
make the same angle (69°15’) to the magnetic field 
and the spectrum should be a single line as found. For 
6=90° the radicals can take up angles to the magnetic 
field between 20°45’ and 90°. 

Measurements were also made on a 76% w/w solu- 
tion which froze to form a glass.* ESR spectra similar 
to Fig. 1 (c) were always obtained and the peak g 
values were independent of orientation with g:= 2.000, 
go=2.015, gs=2.037. No preferred orientation to the 
tube axis was found but there was preferred orientation 
to the tube wall, as shown by a variation in the differ- 
ence in height between peaks 2 and 3. The spectra were 
repeated every 180° and therefore it can be concluded 
that the hydrogen bond helices are preferentially 
aligned parallel to the tube wall. 

We wish to acknowledge the helpful discussions of 
F, A. Mauer with reference to the x-ray diffraction 
measurements. 

*This work was supported by the British Empire Cancer 
Campaign. 
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Microwave Spectrum and Barrier to 
Internal Rotation of Methyl Stannane™, + 


Patrick CAnILtt AND SAMUEL BuTCHER§ 
Mallinckrodt Chemical Laboratory, Harvard University 
Cambridge 38, Massachusetts 
(Received August 28, 1961) 


E have re-examined the microwave spectrum of 
methyl stannane, CH;SnHs, first investigated by 
Lide,' in an effort to determine the barrier to internal 





LETTERS 


TaBLe I. Torsional assignment of observed 0-1 frequencies (13 000 Mc should be added to each entry). 


116s, 


obs 


TO THE 


EDITOR 


117s. 119s, 120s 122s 


obs obs obs obs 





OA O! 820.87 


796.43 
799.38 


778.22 


709.94 


rotation. Greater spectrographic sensitivity and a pure 
sample have allowed us to observe a number of tor- 
sional satellites and two additional tin isotopes not 
observed in the first work. 

The compound was prepared by first reducing SnCl, 
with LiALHy, in diglyme [bis-(2 methoxyethyl) ether] 
to give SnH,, which in turn was reacted with sodium 
in liquid ammonia and methyl iodide, as previously 
described,? to yield methyl stannane. The use of 
diglyme instead of ethyl ether avoided the difficulty 
of separating the stannane from the ether solution. 

Thirty-one lines, observed in the frequency region 
13 720-13 820 Mc, were assigned to torsional levels of 
the J =0—1 transition for seven tin isotopes using the 
formula developed by Kivelson* for the coupling of 
internal and over-all rotation of symmetric tops (see 
Table 1). The observed frequency of the 0-1 transition 
for various torsional states is given by the following 
expression : 

}v=B,+F,(m | 1-cos30 | m)+G, (m | II? | m), 

B,, F,, and G, are independent of the torsional quantum 
number (denoted by m), and of the rotational quantum 
numbers. II, is the internal angular momentum operator 
and @ the angle of internal rotation. The matrix elements 
(m | IL? | m) and (m | 1-cos3@|m) are readily obtain- 
able from tables‘ for different torsional states as a 
function of the reduced barrier parameter s(=4V;/9F), 
F=(1/Isnu,+1/Icu,)h/8*. The parameters which gave 
the best fit to the above formula were, for ™°Sn, 
B,=6906.35 Mc, G,=—0.3521 Mc, F,=—17.492 Mc, 
and s=13.33+0.33. 

Calculated values for isotopes other than "8Sn are 
easily obtained from the usual substitution formulas, 
since to a very good approximation only B, is affected 
by isotopic substitution of tin. Using as structural 
parameters: ZHSnH=109°28’, ZHCH=108°25’, 
d(Sn—H) =1.700 A, d(C—H) =1.083 A, and the 


above value for s, we obtained Vs=650+30 cal/mole 


(227+10 cm“). 

Quantitative intensity measurements could not be 
made because of limited sample stability and inter- 
ference from Stark effects of neighboring lines. How- 
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ever, qualitative measurements agreed with expected 
statistical weights, gia/gie=2° for the satellites and 
with isotope ratios calculated from tables of natural 
abundances. Only one 2£ line was observed due to the 
presence of stronger satellites. 

The authors would like to express their appreciation 
to Professor E. Bright Wilson, Jr. for many helpful 
discussions. 


* This research was supported by a grant extended Harvard 
University by the Office of Naval Research. 

+ This paper was presented at the Symposium on Molecular 
Structure and Spectroscopy at The Ohio State University, June, 
1961. 

t Monsanto Chemical Company Fellowship, 1959-1961. 

§ National Science Foundation Predoctoral Fellow, 1958-1961. 
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Preparation and Optical Transmission of 
Cadmium Fluoride Crystals 


J. S. PRENER AND J. D. KinGsLEy 
General Electric Research Laboratory, Schenectady, New York 
(Received July 28, 1961) 


HE preparation and optical transmission of CdF, 

have been reported previously.'? Between 700 mu 
and 8u the transmittance was constant but then de- 
creased due to restrahlen absorption. Below 700 my, 
the transmittance was found to decrease gradually in 
both cases. The absorption in the visible was sufficient 
to give the crystals a yellow color. Rubenstein? took 
the fundamental absorption edge to be at 265 mu. 
Haendler! prepared CdF, crystals which had higher 
transmission in the visible and ultraviolet, but his 
measurements seemed to indicate the presence of an 
absorption band peaking at 220 my and no estimate 
of the absorption edge was given. Our measurements 
on CdF, crystals of greater purity are in substantial 
agreement with the previous data in the infrared but 
differ in the visible and ultraviolet. 
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Fic. 1. The absorption coefficient of CdF:. 





Single crystals of CdF, weighing 15 g were grown by 
the Bridgemen method in an argon atmosphere using 
graphite crucibles. The CdF, charge was prepared by 
the repeated addition of reagent aqueous hydrofluoric 
acid to cadmium carbonate followed by vacuum drying 
at 100°C. The cadmium carbonate was prepared by 
the addition of a solution of ammonium bicarbonate 
(Mallinkrodt Ultra Pure) neutralized with gaseous 
ammonia to a solution of cadmium nitrate prepared 
from high-purity cadmium metal (Cominco High- 
Purity Cadmium 69 grade), followed by filtering and 
washing. The CdF, powder was fused in an iridium 
crucible under argon prior to crystal growth. This step 
was found to be necessary in order to obtain completely 
colorless crystals. As already indicated by Rubenstein, 
the yellow coloration of his crystals was due to a sulfide 
impurity. In our material the sulfide arises from the 
reduction by the graphite of a trace of cadmium sulfate 
contaminant in the CdF». Fusion in a metal crucible 
decomposes this to cadmium oxide which is then re- 
moved by reduction to cadmium during crystal growth. 

Optical absorption data were obtained with a Cary 
model 14 recording spectrophotometer using two 
polished disks (0.7 mm and 3.0 mm thickness) cut 
from a single crystal of CdF;. This crystal was grown 
using the center portion of a previously grown crystal 
as a charge. The absorption coefficient as calculated 
from the difference in absorbance of the 0.7- and 3.0- 
mm disks is given in Fig. 1. There is no absorption in 
the visible and ultraviolet down to 310 my and the 
absorption band at 220 mu reported by Haendler was 
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absent. The absorption coefficient at 1900 A was deter- 
mined from the transmission of a 25-p thick crystal to 
be 2000 cm~. The absorption edge (obtained by ex- 
trapolating the steep portion of the curve to zero ab- 
sorption coefficient) is found to be at 205 my, a value 
much lower than that given by Rubenstein. 

The authors thank Mrs. D. J. Weil for carrying out 
much of the chemical work and crystal growth. 
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Pattern Inversion for Coherent Inelastic 
Electron Scattering by Br. 


D. A. Swick AND J. KARLE 
U.S. Naval Research Laboratory, Washington 25, D. C. 
(Received August 4, 1961) 


HE inelastic scattering of electrons by molecules 

has usually been termed incoherent. Some time 
ago it was pointed out by Massey and Mohr! that, 
while this may be true for the totality of such scattering, 
diffraction effects are to be expected from electrons 
scattered with a given change in energy. They showed 
that, for diatomic molecules, an inversion of the part 
of the scattering curve now commonly designated as 
molecular scattering might be expected. 

When the process of fast electron scattering results 
in electron energy loss which accompanies molecular 
excitation, it is presumed that the Franck-Condon 
principle? applies. Thus a coherent pattern arises from 
the geometrical configuration of the molecule char- 
acteristic of its initia state, which is usually the normal 
state. The probability of the occurrence of a particular 
excitation is a function of the product of the wave func- 
tions for the initial and final states. Since the equilib- 
rium positions of the two states may not be the same, 
the energy lost by the scattered electrons is not neces- 
sarily the difference in energy of the two states at 
equilibrium. 

On the basis of this description of the scattering 
process, general formulas for the diffraction of fast 
electrons by molecules undergoing transitions to ex- 
cited electronic states have been derived.’ In applying 
the formulas, group-theoretical considerations are 
utilized to find the proper linear combinations of atomic 
orbitals for the various eigenstates of the molecules. 
In the case of a diatomic molecule, for example, Bro, 
the intensity of scattering (neglecting vibrational 
effects) is 


1(6) =K | foq(@) |*(1 sins’r/s’r), (1) 


where K is some positive constant, fo,(@) is the scatter- 
ing factor at angle @ associated with a transition from 
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Fic. 1. Molecular scattering curves for Bre. Top curve is 
calculated. Lowest curve shows the inversion of the scattering 
pattern associated with an energy loss. 


the normal state denoted by 0 to some excited state 
denoted by q, s’=(k?-+k’—2kk’ cos#)!~ (4a sin}6) /d, 
r is the equilibrium distance between the bromine 
atoms in the normal state, k=2r/\ and k’=2n/)’, 
where \ and 2’ are the wavelengths of the electrons 
before and after scattering, respectively. 


The plus sign applies to a transition from the normal 
state to a symmetric electronic state, type A,, and the 
minus sign applies to a transition to an antisymmetric 
state, type A,. The second term in the parentheses is 
designated as the molecular scattering. Thus, for a 
transition to an antisymmetric state, the molecular 
scattering curve looks like the normal curve rotated 
through 180° about the abscissa. 

Qn the basis of a dipole interaction the expected 
transition would occur from the normal state, type 
A,, to an antisymmetric excited state. Quadrupole 
and higher interactions are possible for electrons, 
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which suggests that transitions from an A, to an A, 
state may occur. Mott and Massey® have shown that 
if the transition is optically allowed then it will be more 
probable with fast electrons than those transitions 
associated with the higher moments. Thus we would 
expect a transition from the normal to an antisym- 
metric state to predominate, leading to an inversion of 
the scattering pattern. 

Experimental investigations have been made of both 
elastic and inelastic scattering of 20 kev electrons by 
bromine employing an apparatus which has been pre- 
viously described.* The predicted inversion effect has 
been observed and is shown in Fig. 1. The upper curve 
was calculated with r=2.28 A, the middle curve is the 
experimentally determined scattering of 20 kev elec- 
trons with no loss of energy, and the lower curve is 
from electrons which have lost 7.4+0.1 ev of energy. 
The calibration in terms of s values [s=(42/A) sin}0] 
was made by comparison with CCl photographs. The 
shift between the calculated and experimental curves 
may be due to errors in this calibration. Such errors 
would not, however, affect the comparison of the two 
different experimental curves. The molecular scattering 
was obtained from the total scattering by division by 
the background line in the usual manner.’ The sinusoi- 
dal amplitude agrees with the expected value from (1) 
to about 15%. No attempt has been made to refine the 
choice of ackinanniil line. Such refinement would have 
reduced the spread of experimental points shown in 
Fig. 1. However, the main object of this note has been 
simply to demonstrate that it is experimentally possible 
to observe the phenomenon of pattern inversion. 
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Spin Densities in Aromatics Containing 
Nitrogen: ESR Spectrum of the Pyrazine 
Negative Ion* 


J. C. M. HENNING AND C. DE WAARD 
Natuurkundig Laboratorium der Universiteit van Amsterdam, 
Amsterdam, The Netherlands 
(Received July 17, 1961) 


HE mononegative ion of pyrazine (1,4 diazaben- 
zene) has been prepared by reducing a dilute solu- 
tion (about 5X10-* M) of pyrazine in tetrahydrofuran 
with a potassium mirror in vacuum. The radical ion 
has been identified by means of its ESR spectrum. A 
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Fic. 1. dx’’/dH vs H for the mononegative ion-radical of pyrazine. 


homodyne balanced mixer spectrometer has been used, 
which has been described earlier.' It operates at a fre- 
quency of 9 kMc and employs 485-cps magnetic field 
modulation and phase-sensitive detection. 

The spectrum, shown in Fig. 1, consists of a large 
quintet with a separation between successive lines of 
7.1 gauss, which is further split into a smaller quintet 
with a separation of 2.6 gauss. The larger quintet can 
be unambiguously attributed to a hyperfine interaction 
of the odd electron with the two equivalent nitrogen 
nuclei (J=1) because the observed intensity ratio of 
the hyperfine lines agrees well with the theoretical one 
(1:2:3:2:1). The smaller quintet is due to the inter- 
action with four equivalent protons (intensity ratio 
1:4:6:4:1). 

It is well known? that there exists a linear relation- 
ship between the proton hyperfine coupling constants 
A; and the spin density p; at the contiguous carbon 
atom 


A i=Q4p; 


Because it is not proved that the factor of propor- 
tionality Q® is a constant for all kinds of aromatic ring 
systems, we have taken the Q# value as determined by 
Weissman’ from the spectrum of benzene negative ion 
(Q¥=—22.5 gauss), as this is most similar to the 
pyrazine ion. We then find that for the spin density at 
the CH positions pox = 0.115. From this figure and the 
normalization condition we can calculate the spin 
density at the nitrogen positions: py=0.270. We see 
that the introduction of nitrogen atoms in an aromatic 
ring system produces a pronounced shift of the spin 
densities towards the nitrogen positions, which is com- 
patible with the fact that nitrogen has a larger electro- 
negativity than an aromatic carbon atom. 

The measured spin density distribution can be re- 
produced by a simple LCAO-MO calculation‘ by taking 
for the Coulomb parameter of nitrogen (an) 


ay =ac+0.773£. 


Here £8 is the resonance integral between neighboring 
atoms, which is taken equal for all bonds, and ac is 
the Coulomb integral of the carbon atoms in pyrazine. 

The authors are indebted to Professor Dr. G. W. 
Rathenau for his interest in this research. 


*This work is sponsored by the Foundations F.O.M. and 
S.O.N., financially eee by the Dutch Foundation for Pure 
Scientific Research (Z.W.O.). 
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Optical Evidence for the Direct Reduction 
of CuO to Cu in H, 


HAROLD WIEDER AND A. W. CZANDERNA 
Parma Rescarch Laboratory, Union Carbide Cor poration, 
Parma 30, Ohio 
(Received August 15, 1961) 


T is generally accepted! that CuC is reduced directly 
to Cu in hydrogen following the reaction 


Cu0+H.—Cu+H:.0. 


Although reduction from CuO to Cu,0 is energetically 
less favorable than complete reduction, it has not been 
established that CuzO is not formed as an intermediate. 
Thus, it seemed desirable to look for optical evidence 
of Cu,O formation during reduction of a thin film of 
CuO. 

A copper film 550 A thick was evaporated onto a 
Pyrex glass substrate and oxidized to stoichiometric 
CuO, as determined with a microbalance.? During 
reduction the optical transmission of the film was 
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measured while the mass loss was simultaneously 
monitored. A detailed description of the apparatus 
employed will be presented in a future publication.’ 
The film was reduced in 130 Torr of hydrogen at 
162°C. At this temperature the rate of reduction was 
slow enough to permit detailed transmission measure- 
ments to be made. Higher temperatures were found 
necessary to remove the final 7% of oxygen. A plot of 
the rate of mass loss as a function of the time of reduc- 
tion was similar in shape to that found by Bond and 
Clark.! The induction period was characterized by 
small steps, which are probably associated with the 
eruption and escape of water vapor from the film.‘ 
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mission of an evapo- 
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The solid lines in Fig. 1 represent the optical irans- 
mission of the film measured at various stages of reduc- 
tion. Adjacent to each curve is listed the mole fraction 
of CuO present in the film as measured gravimetrically 
at the time the curve was taken. Additional curves 
beyond CuQOo.s4 were measured, but because the film 
was highly agglomerated at this point, the ctirves 
become difficult to interpret and are omitted. 

Also shown in Fig. 1 is the transmission of the freshly 
evaporated copper film (curve 1), and two curves 
taken during the oxidation of the film (curves 2 and 3). 
The x-ray diffraction pattern for a sample in the oxida- 
tion state represented by curve 2 showed only Cu and 
Cu,O lines, while that for curve 3 showed only CuO 
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lines. It is apparent that at no stage of the reduction do 
the transmission curves exhibit the characteristic ab- 
sorption edge of Cu,O or the general features associated 
with the CusO-Cu mixture. 

The absence of CuzO can also be established analyti- 
cally if the shapes of experimental transmission curves 
can be predicted from a theoretical expression which 
assumes that only CuO and copper are present. It has 
been suggested elsewhere‘ that during reduction copper 
nuclei are first formed on the CuO surface and that they 
gradually grow larger and increase in number until a 
thin layer of copper is formed. At any subsequent 
stage of the reduction, the sample can be considered 
to be made up of parallel layers of copper and CuO. 
From the mass measurement the thickness of each 
layer may be computed, and if the absorption coefficient 
of each material is known, the resultant transmission 
through the double film may be calculated, using 
Eq. (1) 

T =e exp— (ail; + art»). (1) 
Here T is the over-all relative transmission at any 
wavelength, a; and a» are the absorption coefficients 
of copper and CuO at that wavelength, and 4; and / 
are the respective thicknesses of the two species. 

This formula assumes that the entire loss in trans- 
mission through the sample may be accounted for by 
absorption within the sample. In actuality, however, 
there are additional effects to be considered. Reflection 
at both copper interfaces and scattering from the ag- 
glomerated copper particles are always present, and 
both effects become more pronounced as the thickness 
of the copper layer is increased. It would be difficult to 
obtain analytical expressions for these effects which 
should be embraced in a more detailed treatment. 
Therefore, “effective” absorption coefficients, which 
include reflection and scattering losses, were calculated 
in terms of the simplified model of Eq. (1). 

It was found convenient to solve for a; and a» in 
Eq. (1), using the values of 7 and ¢ as measured and 
calculated for curves corresponding to CuOpo.3 and 
CuOp.423. These values of a; and a, were used in con- 
junction with the values of 4; and & computed from the 
mass data to obtain transmission curves for the seven 
intermediate stages of reduction. The resultant curves 
are shown dotted in Fig. 1. It is apparent that this 
simplified treatment is sufficiently valid to conclude 
that only CuO and copper are present during the reduc- 
tion of CuO in hydrogen. 
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Exchange Rates of NH, between Aqueous 
NH,OH and Copper and Nickel Ammine 
Complexes* 


Joun P. Hunt Anp HARoLp W. DopGEN 
Department of Chemistry, Washington State University, 
Pullman, Washington 
(Received August 10, 1961) 


ONNICK and Poulson! have presented results on 
the rate of H,O exchange between hydrated cations 
and solvent using nuclear magnetic resonance line 
broadening techniques. We have made analogous 
studies using copper and nickel ammine complexes in 
concentrated NH,OH. The N™ resonance in NH,OH 
was observed using a spectrometer employing a mar- 
ginal oscillator and phase-sensitive detector. A constant 
frequency of about 1.8 Mc/sec with a variable magnetic 
field of about 5900 gauss was used. Derivative curves 
were obtained on a recorder. The samples were of about 
10 ml! volume contained in 18-mm Pyrex test tubes. 
The rf power levels were well below saturation. The 
effect of modulation amplitude on the apparent line 
widths was studied over a range of 0.1 to 1.0 gauss (see 
Table I). No large effects on the line widths were found 
up to 0.5 gauss modulation amplitude. The linewidths 
studied were about 1-2 gauss. The large sample size 
and some inhomogeneity of the field are partly re- 
sponsible for the fairly large widths. Line broadenings 
were obtained by subtracting the width found for the 
NH,OH alone from the width found for the metal ion 
solution when both samples were run at the same modu- 
lation amplitude. This procedure gave essentially the 
same results at 0.1 gauss as at 0.5 gauss. The magnetic 
field sweep was calibrated using an NH,NO; solution 
in concentrated NH,OH. The average difference in the 
fields at the absorption maxima for NH,OH and NO; 
was taken as 368 ppm. 


TABLE I. Complexed NH3-solvent NH; exchange in concentrated 
NH,OH at 32°C. 


Average 
linewidth 


amplitude 
(gauss) 


szonadded M ion (gauss) 


Ki (sec™) 





None 0.10 
0.25 
0.50 
1.00 
0.25 
0.50 
0.10 
0.25 
0.50 
0.50 


None 
None 


None 


1.07X103 
1.07X10-% 
6.7X104 
6.7X10-4 
3.0X107 
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Zinc ions were found to have no effect on the line- 
width. Both Cu(II) and Ni(II) solutions show exten- 
sive line broadening. Calculations were made using 
the equations and approach given by Connick and 
Poulson.! The coordination number of Cu(II) was 
assumed to be four and for Ni(II) was assumed to be 
six. Several runs were made at each condition listed 
in Table I. Two or three values of the broadening were 
then selected from the most symmetrical derivative 
curves and averaged. The apparent widths were re- 
producible to about +10%. The ammonia exchange 
appears to be faster than the water exchange. Nickel 
seems to be slower to exchange than copper as was also 
found in the water exchange studies. 

We are making changes in the magnet in the hopes 
of obtaining a more homogeneous field to make pos- 
sible measurements over a wider concentration range. 
In addition, we plan to study the exchange at lower 
temperatures. Work on the analogous exchanges in 
liquid ammonia has been started. Cu(II) shows a large 
broadening of the NH; line at 2 M concentration. 
Isotopic exchange results have been reported? on liquid 
ammonia systems and it is of considerable interest to 
have independent methods of measurement for these 
fast reactions. Studies using substituted ammines will 
also be of interest for rate comparisons. 

* This work was supported in part by the U. S. Atomic Energy 
Commission. 


1R. E. Connick and R. E. Poulson, J. Chem. Phys. 30, 759 
(1959). 


2J. R. Sutter and J. P. Hunt, J. Am. Chem. Soc. 82, 6420 
(1960). 


Dipole Moment of CCIF,* 


R. C. Jonnson, T. L. WEATHERLY, AND QUITMAN WILLIAMS 
Georgia I nstitule of Technology, Atlanta 13, Georgia 
(Received August 31, 1961) 


HE electric dipole moment of CCIF; was previously 
evaluated by Birnbaum! using a cavity method to 
determine the nonresonant, or Debye type, absorption. 
It was later evaluated by Beeson? by measuring and 
analyzing the Stark effect for the J =2—3 rotational 
transition. The latter determination was not considered 
very accurate because of difficulty in resolving the 
Stark components. It was decided to evaluate the 
dipole moment by measuring and analyzing the Stark 
effect for the J =1—2 transition, since the Stark spec- 
trum is considerably less complex for this transition. 
The energy eigenvalues were calculated, using inter- 
mediate field theory, for several values of Stark field. 
It appears that the molecule behaves according tu the 
strong-field case* for electric field intensities greater 
than about 400 v/cm; the rotational levels are split by 
Stark effects according to the values of M,, and the 
resulting levels are further split by quadrupole inter- 
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Stark field 
intensity 
(v/cm) 


Ist order 
Stark 
displacement 


657 


+56.34 
+54.54 
+55.14 
+55.57 
— 54.37 
—56.20 
—55.71 
—55.30 
+93.24 
+91.70 
+92.06 
+92.76 


—91.61 
—93.15 
—92.84 
_} —92.15 





Average Ist 
order stark 
displacement 


2nd order 
stark 
displacement 


Theoretical 
stark line 
frequency 


Measured 
stark line 
frequency 





13 398.1 


13 398.2 


13 287.3 


13 435.7 


+0.94 


13 250.9 13 251.0 





® The transitions are J=1-2, K=1,]= ;, AM 7=0, AM ;=0; the electri 
cies are given in megacycles. 


action according to the values of M;. Recordings of the 
J=1-— 2 transition at various field intensities above 
400 v/cm indicated a widely separated pair of Stark 
lines symmetrically located on each side of the group 
of rotational lines. Assuming the strong field selection 
rules for absorption, it was found that each of the pair 
of Stark lines was composed of a group of four closely 
spaced hyperfine lines, and the separation between the 
groups was a unique function of the electric field 
intensity. 

The evaluation of the molecular dipole moment pro- 
ceeded then as follows: (a) Stark energy levels versus 
electric field intensity were calculated, using inter- 
mediate field theory, for several assumed values of 
molecular dipole moment in the neighborhood of 0.500 
debye. (b) Using the strong-field selection rules, a 
family of curves, one for each assumed value of dipole 
moment, was constructed illustrating the theoretical 
frequency separation vs field intensity for the pair of 
Stark lines. Each Stark line was assumed to be the 
average of its four unresolved hyperfine components. 
(c) The frequency of each of the pair of Stark lines 
was accurately measured at two values of electric field 
intensity: 657 and 1100 v/cm. From these measure- 
ments, the frequency separation was found for both 
values of field intensity. (d) With a large scale graph 
of the family of curves from step (b) and the two 
experimental points from step (c), the molecular 
electric dipole moment for CCl*F; was assigned the 
value 0.50+0.01 debye. 

The evaluation of the dipole moment was essentially 
independent of the assumed value of egQ since the 
quadrupole coupling produced only a small perturba- 
tion on the Stark splitting and the individual hyperfine 
lines were not resolved. By using the measured separa- 
tion between the pair of Stark lines, the evaluation of 





c dipole moment is 0.50 debye; the rotational energy is 2B(J +1) =13 342.40 Mc. Frequen- 


dipole moment was made independent of the rotational 
constant B and effects such as molecular polarization 
and second-order Stark energies which shift both lines 
equally in the same direction. 

A comparison of the measured Stark line frequencies 
with the theoretical frequencies is illustrated in Table 
I. Second-order Stark displacements are significant; 
however, higher-order Stark effects and molecular 
polarization can be neglected. The comparison of 
measured and theoretical frequencies is considered to 
be quite good since the Stark lines were about 3Mc 
wide. 

* Supported in part by the National Science Foundation and 
the Office of Naval Research. 

1G. Birnbaum, J. Chem. Phys. 27, 360-368 (1957). 

* E. L. Beeson, unpublished Ph.D. thesis, Georgia Institute of 
Technology (1960). 

3 W. Low and C. H. Townes, Phys. Rev. 76, 1295-1299 (1949). 


C'’-hfs in the ESR Spectrum of 
p-Benzosemiquinone-1-C" Ion 


M. R. Das AND B. VENKATARAMAN 
Atomic Energy Establishment Trombay and 
Tata Institute of Fundamental Research, Bombay, India 
(Received August 14, 1961) 


HE electron spin resonance (ESR) absorption 

spectrum of p-benzosemiquinone ion with about 
50 at. % of C* in the 1 position has been observed. 
Many authors'* have suggested that some of the 
satellites found in the ESR spectra of semiquinone 
ions result from the hyperfine interaction with the 
C's nucleus present in natural abundance. The satellites 
obtained with ordinary semiquinone ion have been 
attributed to the C¥ atom in the 2 position and Strauss 
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Fic. 1. Derivative of the central triplet of the ESR spectrum 
of p-benzosemiquinone ion with C™ labeling (50%) in the 1 
position. The central component arises from the unlabeled com- 
pound and the side lines are the C' doublets from the labeled 
compound. 


and Fraenkel* have deduced that the splitting due to 
C% in the 1 position must be less than 0.6 gauss. 
p-benzohydroquinone-1-C" (50%) was synthesized 
from C®-enriched BaC*O; and the method of synthesis 
has been reported elsewhere.‘ The semiquinone ion was 
obtained by the atmospheric oxidation of an alcoholic, 
alkaline solution of the labeled hydroquinone.’ The 
ESR spectrum of the sample consists of five triplets; 
the central line of each triplet arises from the unlabeled 
species; the spectrum of the labeled species consists of 
five doublets, the spacing between the components of a 
doublet representing the C'*-hyperfine splitting. Figure 
1 shows the derivative spectrum of the central triplet 
and the signal-to-noise ratio is rather poor because of 
the low microwave power and low radical concentra- 
tions that had to be used for obtaining good resolution.® 
Since the C® enrichment is about 50%, the labeled and 
unlabeled species are present in equal concentration 
and within a triplet, the ratio of the intensities of the 
central line to that of the side components is expected 
to be about 2:1. The separation between the doublets 
(a;°) was 0.40+0.04 gauss and overlap corrections®? 
were found to be negligible in comparison with the 
experimental error. Karplus and Fraenkel*® have re- 
cently developed a theory for the analysis of C™ split- 
tings, which is more complete and detailed than that 
of McLachlan, Dearman, and Lefebvre.® On the basis 
of the former theory, Strauss and Fraenkel*® have com- 
pared their data on p-benzosemiquinone ion with that 
on 2,5 dihydroxysemiquinone ion,’ and have placed 


TO THE 


EDITOR 2263 


limits on the values of the two sigma-pi interaction 
parameters Qco® and Qoc® referring to the carbon- 
oxygen bond 

8.7< Qco®<11.8, 


and —3.0<—Qoc®< 5.2, 


with our value for | a;° | =0.40 gauss, we arrive at the 
following two possible sets of values for Qco° and 
Qoc®, depending on the sign of a,°: 


for a;°= +0.40 gauss, Qco°= 9.2; —Qoc® = — 1.6; and 
for a;°= —0.40 gauss, Qco® = 11.3; —Qoc°= 3.9. 


We are grateful to Professor S. S. Dharmatti for his 
encouragement. 
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Fluorine NMR Spectroscopy. V. A Carbon- 
13 Study of Coupling Constants between 
cis and trans CF; Groups in Highly 
Fluorinated Olefins* 


GrorGE VAN Dyke TIERS 
Central Research Department of the Minnesota Mining and 
Manufacturing Company, St. Paul 19, Minnesota 
(Received May 17, 1961) 


ERY few stereoisomers of highly fluorinated com- 

pounds have been isolated and identified with 
reasonable certainty, and relatively few chemical or 
physical techniques are available for the intercompari- 
son of these with other materials. When cis-trans 
isomerism about a double bond is being studied, inter- 
comparisons may be done by NMR means, but for the 
original proof of structure it is necessary to appeal to 
an ‘“‘absolute” method, such as the well-known absence 
of the C=C stretching infrared absorption for a sym- 
metrical érans-olefin. In this manner the cis- and trans- 
2,3-dichlorohexafluorobutene-2 isomers have been iden- 
tified'; the NMR study of these isomers, reported here, 
yields characteristic shielding values and spin-spin 
coupling constants for CF; groups so located. Owing to 
the magnetic equivalence of the CF; groups, the cou- 
pling constants could only be ascertained from the 
“C8 satellite” peaks, which result from the presence, 
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in natural abundance, of molecules bearing CF; 
groups at one end. This elegant method, due to Shep- 
pard,?~* heretofore has been applied only to proton 
compounds. 

Experimental. Commercial 2,3-dichlorohexafluorobu- 
tene-2 (Hooker Chemical Company) was found to have 
a cis/trans ratio of about 15/85, other impurities also 
being present. Vapor-phase chromatography (VPC) 
over “Kel-F” oil KF-3 (Minnesota Mining & Manu- 
facturing Company) at 40° resulted in a highly pure 
sample of érans-2,3-dichlorohexafluorobutene-2, mp” 
1.3440, f.p. about —55° to —60°, having a very weak 
C=C infrared band, and containing only 0.2% of the 
cis-isomer which is eluted later. Commercial 2,2,3,3- 
tetrachlorohexafluorobutane (Hooker Chemical Com- 
pany) was.dechlorinated! to give the olefin in a cis/trans 
ratio of 60/40, from which pure cis-2,3-dichlorohexa- 
fluorobutene-2, containing only 0.6% trans isomer, was 
isolated by the VPC technique already described. High 
purity was required as the isomer peaks (at 40 Mc/sec) 
tend to obscure the C" satellites. 

The NMR equipment and techniques were as pre- 
viously described,*" except that the Varian field 
homogeneity control unit had been installed. The 
results, presented in Table I, are in each case the 
averaged values from 8 to 18 separate determinations; 
standard deviations of these averaged values also are 
given. For the cis-isomer some second-order structure 
was visible in the low, broad C® satellite quartets, 
however, as the noise was about as large as the lesser 
components, a complete analysis was not done. Since 
the “‘J/6” ratio was only 0.1, corresponding to “weak 
coupling,’’® it was possible to obtain J(FF’), and Mz 
(or My), as the difference and the mean, respectively, 
of the positions of the strongest components of each of 
the two central peaks of the low-field (or the high-field) 
quartet. There is obtained 

J (FF’) = 13.39, M,=—132.48+.14 
and My=+143.46+0.10 cps, from which J(CFs) 
is computed by the exact relation 


J(C8F;) =My—M,— J(FF’)2/(Mu—Mz). 


This follows from an extension of the AB and A3B 
treatments to the A3B; case.8 

Discussion. The first and second rows of Table I 
show a substantial difference in shielding between the 
stereoisomers, an antishielding effect apparently being 
associated with cis placement of the CF; groups. The 
isomers of perfluorobutene-2 (which have not been 
separated) differ in CF; group shielding by 2.50 ppm, 
but the ¢*-values (10%) are +67.23+0.01 and 
-+69.72+0.01, while ¢* (40%) for the CF; group of 
perfluoropropylene is 69.33+40.01 and ¢* (5%) for 
CF;CCI=CCh is +61.424+0.004. It would thus ap- 
pear that there is a strong antishielding effect due to 
chlorine, which is dependent upon stereostructure. 


THE EDITOR 
TaBLE I. Shielding values and coupling constants for the cis and 
trans isotopic isomers of 2,3-dichlorohexafluorobutene-2. 








Isomer Trans 








¢*, ppm* 


+63 .730 
+0.008 


+3.351 
+0.001 
+0.132 
+0.001 
275.66 
+0.06 


1.44 
+0.02 


+0.007 


+3.373 
+0.002 


+0. 137 
+0.002 


275.29¢ 
+0.20 


13.39¢ 
+0.06 


o* (trans)-$* (cis) ppm>* 
Ad, ppm>4 (C8F;—C"F;) 
Pi (C8F;) cps? 


J (FF’) cps 








® See reference 6; concentration 10.0% by volume in CCl:F, measurement 
temperature 25°+1°. 

> Neat (undiluted) samples were used. 

© When at 10% concentration by volume in CCF, this difference is +3.2844 
0.001; note that the three values cited need not be identical, since the ‘‘solvents”’ 
used are different. 

4 See references 7 and 9. 

© From approximate A3B; analysis; J (C"—C—C 

! Here F’ represents fluorine attached to C™. 





CF;) taken as 0.00. 


Assignment of the perfluorobutene-2 peaks from 
shielding values by analogy to the present case would 
clearly be unwise. 

Spin-spin coupling constants, unlike shielding values, 
ordinarily are not affected by neighboring groups unless 
these alter the relative conformations of the groups 
bearing the spin-coupled atoms. Evaluation of the 
coupling constants between cis and trans CF; groups 
thus should provide a rather reliable criterion of 
stereostructure. For symmetrical molecules such cou- 
pling is exhibited only in the spectra of the C®F; 
derivatives*“*; these also show an “isotope effect” 
upon shielding values, the center of the CF; pattern 
lying at higher field than that for the C"F; group? 
This isotope shift A¢ listed in the third row of Table I, 
has about the usual value for a CF; group’ and is not 
significantly influenced by stereostructure. The same 
can be said of the CF; coupling constants given in 
the fourth row. 

In the last row of Table I are presented the coupling 
constants, J(FF’), between fluorine nuclei in CF; 
groups located cis and trans to one another. The 
numerical value appears to be highly stereosensitive, 
with the cis coupling being larger; the opposite was 
claimed for fluorine atoms directly attached to the 
double bond, although no confirmatory experimental 
evidence has been offered.’°" There are many cases of 
substantial spin-spin coupling between ‘“‘distant”’ flu- 
orinated groups” (which, in fact, need not be very 
distant in space) and there is, as yet, insufficient in- 
formation for an estimation of the effect of bond (or 
group) angles; speculation upon the theoretical signifi- 
cance will therefore be omitted. 

I thank Klaus Fiedler for the skillful VPC separa- 
tions, and D. M. Hotchkiss and R. B. Calkins for careful 
maintenance and operation of the NMR equiqment. 
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Proton Motions in Solids by Slow Neutron 
Scattering Cross Sections* 


J. J. Rusu, T. I. Taytor, AaNnp W. W. Havens, JR. 
Departments of Chemistry and Physics, Columbia University, 
New York, New York, and Brookhaven National Laboratory, 
Upton, New York 
(Received August 2, 1961) 


REVIOUS measurements!” on a series of am- 

monium halides have shown a definite correlation 
between the scattering of low-energy neutrons and the 
rotational freedom of the ammonium ions. At neutron 
energies far below thermal the neutron-scattering cross 
section o, is proportional to the neutron wavelength 
Any and the slope of cross section vs wavelength in- 
creases with the freedom of motion of the hydrogen 
atoms. In the present work these measurements have 
been extended to a number of compounds in which 
the binding and motion of the hydrogen atoms is some- 
what uncertain. Using a crystal spectrometer*“ at the 
Brookhaven Reactor, total neutron cross-section meas- 
urements were obtained at room temperature for 
polycrystalline KH»2PO,, (NH,)eCrOy, (NH4)2Cre0; 
NH,CNS, and NH,CIO,. The cross sections per mole- 
cule were corrected for neutron absorption and divided 
by the number of hydrogen atoms. In Fig. 1 the result- 
ing cross sections per hydrogen are plotted as a function 
of neutron wavelength. 

A low-frequency hydrogen vibration has been sug- 
gested® as a possible explanation for ferroelectric and 
other properties of KH2PQ,. The cross-section curve 
in Fig. 1, however, is almost flat at long wavelengths, 
indicating tight binding for the protons in this hydro- 
gen-bonded compound.*® This result is also in disagree- 
ment with the conclusions drawn from a recent meas- 
urement of the vibration spectra of K,HPO, and 
KH2PO, by inelastic scattering of cold neutrons.’ 
From these measurements low-energy peaks around 
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Fic. 1. Neutron scattering cross sections per hydrogen atom for 
KH2PO,, (NH4)2CrOy, (NH4)2Cr207, NHsCNS, and NH,C10,. 
The slopes indicated were determined by a weighted least-squares 
fit. Errors on the slopes vary from +0.10 to +0.15 b/A-H and 
include only those due to counting and to uncertainty in the ab- 
sorption cross sections. 


400-550 cm™ in the scattered neutron spectra were 
attributed to hydrogen vibrational modes. However, 
such low-energy vibrations would be significantly ex- 
cited at room temperature and would result in a higher 
slope for the scattering cross-section curve than ob- 
served for KH.PQO,. Similar cross-section results, not 
shown in the figure, were obtained for KzZHPO,, again 
indicating the absence of low-energy hydrogen vibra- 
tions. These data are in agreement with neutron dif- 
fraction studies which predict only high-frequency 
proton vibrations in KH.PO,.8 It thus appears that the 
low-energy peaks observed in the neutron spectrum and 
in infrared reflection studies are not hydrogen modes? 
but probably involve vibrations of the phosphate ion, 
as suggested from the infrared results.® 

The cross-section slopes observed for (NH,4)2CrO, 
and NH,CNS, 5.5 and 5.8 b/A-H, indicate a similar 
hindrance to rotation of the ammonium ion in these 
compounds. These slopes are also close to the result at 
room temperature for NH,Br (5.7 b/A-H).! Thus their 
hydrogen bond strengths, rotational barriers, and tor- 
sional frequencies may be close to those in NH,Br 
(torsional frequency=311 cm). However, such a 
comparison cannot imply that the details of the am- 
monium ion motions are equivalent since the two com- 
pounds studied here possess a complex monoclinic 
structure. These results are consistent with recent 
proton magnetic resonance data,'® which show similar 
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second moment 
NH,CNS. 

Another significant comparison can be made between 
cross-section curves for (NH4)sCrO, and (NH,)sCr2O;. 
The slope of the dichromate curve is almost double 
that for the chromate, thus indicating a much greater 
freedom of rotation and weaker hydrogen bonding for 
the ammonium ion in this compound. This result is 
again consistent with proton magnetic resonance 
measurements,’ which show a sharp second moment 
transition for (NH,4)o2CrO, at around 100°K and no 
such change for (NH,)2Cr.0;. Moreover, from the 
same magnetic resonance data a low barrier is predicted 
for reorientation of the ammonium ion in the di- 
chromate.” 

It is interesting to note that the long wavelength 
cross section and slope for NH,ClO, are significantly 
greater than those obtained for (NH,4)eCr2O;. Although 
an intense Bragg peak at 9.2 A prevents a precise de- 
termination of the cross-section slope, the value of 
around 13 b/A-H approaches that for NHs gas at 
room temperature (15.7 b/A-H).' This is evidence for 
almost free rotation of the ammonium ion in NH,CI1QO,. 
Such a conclusion is consistent with infrared measure- 
ments" and with neutron diffraction data.” The high 
slope also supports the barrier to reorientation of the 
ammonium ion of <1000 cal/mole predicted from the 
NMR data of Richards and Shaefer™ rather than the 
higher barrier of 2 kcal/mole proposed by Ibers.'* The 
observed slope is also significantly higher than the 
value of 11.2 b/A-H obtained for NH,I at room tem- 
perature.'!* Thus the rotational freedom of the am- 
monium ion appears greater in NH,CI1O, than in either 
(NH4)2CreO; or NH4I. The possibility of semi-quanti- 
tatively relating cross-section slopes to vibrational 
frequencies or potential barriers to rotation is being 
investigated. 


transitions for (NH,)2CrO, and 
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Positronium Formation in the Halogen 
Derivatives of Benzene* 


C. R. HatcHEeR 
Lawrence Radiation Laboratory, University of California, 
Livermore, California 
(Received July 24, 1961) 


TUDIES of positron annihilation in organic com- 

pounds show that in most liquids there are two 
measurable decay rates.'~* The faster decay (approxi- 
mately 2X10~" sec) arises from !S positronium and 
from annihilations in which no positronium is formed. 
The “long” component (approximately 2X10~* sec) 
is due to *S positronium and represents three-fourths 
of the total positronium formed, one-fourth being 
formed in the 'S state. Of the several groups of organic 
compounds studied, the halogen derivatives of benzene 
have the largest variation of intensity J: of the long 
component,” and hence the largest variation of amount 
of positronium formed. The processes in a liquid which 
are thought to compete with positronium formation 
are: (1) inelastic collisions of the positron with the 
molecules of the liquid, and (2) positron attachment 
to the molecules.?:4* 

The purpose of this report is to show that, for an- 
nihilation in the halogen derivatives of benzene, the 
intensity Jz: of the long component can be explained 
on the basis of the Ore model of positronium forma- 
tion®* where the upper bound of the Ore gap is equal 
to the dissociation potential of the carbon-halogen 
bond. Figure 1 shows the energetics involved in posi- 
tronium formation. Let E be the kinetic energy of the 
free positron, V ; the ionization potential of the halogen- 
substituted benzene, Vg the dissociation potential of 
the carbon-halogen bond, and V, the binding energy 
of positronium (6.8 ev in free space). The following 
assumptions are now made: (1) for E> V,, annihilation 
may be neglected; (2) a positron scattered into the 
energy interval 0< E< JV; is equally likely to have any 
energy in the interval; (3) for Va< E<V;,, competing 
processes (most likely dissociation of the carbon-halo- 
gen bond) are vastly more probable than positronium 
formation; (4) in these processes the positron loses 
sufficient energy so that scattering into the Ore gap 
may be neglected; and (5) all positrons in the Ore gap, 
Vi.—V,<E<Va, form positronium. Having made 
these assumptions, it follows that the fraction of 
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positrons that form positronium is given by 
[Va—(Vi—-V,) Vi, 


because positronium cannot be formed for E< V;— Vp. 
The intensity of the long component is given by 
I,=4(Va—(Vi—V,) //V;, since three-fourths of the 
total positronium is formed in the *S state. 

Table I shows a comparison of measured? and com- 
puted values of J. along with experimental values of 
V2 and Vq.'°" The agreement between values of J2 
computed on the basis of this model and experimental 
results leads to the conclusion that, for these com- 
pounds, positronium formation can be explained on 
the basis of energy considerations, and that molecular 
dissociation is the major competing process. Since 
positron attachment to the molecule has been neglected, 
the method used here to calculate J, would be expected 


TABLE I. Measured and computed values of J». 








Calculated Measured 


Compound V; (ev) Va (ev) In% IL% 





CeHsF 
CsH;Cl 
C.H;sBr 


9.19 
9.07 
8.98 
8.73 


4.98 21 
3.72 12 
3.07 7.4 
2.47 4.6 


24+2 
14+2 
6+2 
4+2 








to work only for compounds in which the dissociation 
cross section is considerably higher than the positron 
attachment cross section. 

An interesting result of the interpretation of posi- 
tronium formation given here is that the 'S positro- 
nium atoms should annihilate with a kinetic energy 
between zero and the width of the Ore gap, Va— 
(V,—V,). This is not true for *S positronium, because 
in *S positronium the positron frequently annihilates 
with an electron bound to a molecule.‘ It might be 
possible in a two-photon angular-correlation experi- 
ment'® to measure the energy spread of the low- 
momentum component due mainly to 'S positronium, 
and thus determine experimentally the width of the 
Ore gap. It would be interesting to see how the width 
of the Ore gap determined in this manner compares 
with Va—(V,—V,) for the halogen derivatives of 
benzene. 

* This work was supported in part by the U. S. Atomic Energy 
Commission. 
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Evidence for a Long-Lived Metastable 
State of N, at about 8 ev 


Cart KENTY 
General Electric Lamp Research Laboratory, Nela Park 
Cleveland 12, Ohio 
(Received August 11, 1961) 


CCORDING to Wilkinson! “all nitrogen elec- 
tronic states of electron configuration 7,30, *x, 
have now been observed and precisely located except 
3A,.”’ The following evidence indicates this state has a 
lifetime of 1-2 sec and an energy between 7.9 and 
8.28 ev. 

If a weak discharge? is passed through 150 mm Xe+ 
0.1% Ne then both the (diffuse) discharge and after- 
glow appear as a whitish continuum, exhibiting no 
lines or bands. There is also a continuum’ strong at 
about 1750 A causing a violet fluorescence of the 
40X12-cm diam Pyrex envelope. These are the con- 
tinua of the excited xenon molecules Xe,’ formed 
according to 


Xe"+Xe+Xe—Xe.’+Xe, 


where the xenon metastable atom Xe”, in the after- 
glow and probably also largely in the discharge itself, 
results from a collisional process involving Ne energy 
carriers. Without Ne the discharge appears exactly 
the same but the voltage is several fold higher® and 
there is no apparent afterglow. 

If now a minute amount of Ba vapor is added to the 
afterglow a weak violet flame can be seen for 10 sec. 
This consists solely of the resonance lines 4934.1 and 
4554.0 of Bat+. The latter requires 7.90 ev for its excita- 
tion in a single act from normal Ba. The presence is 
therefore indicated of a “carrier” able to impart at 
least 7.90 ev to Ba. On the other hand, the carrier 
must have an energy <8.28 ev else it would lose its 
energy® quickly to Xe. 

The density of Ba atoms was roughly estimated to 
be on the order of 10!°—10" cm~*. To stimulate so few 
Ba atoms to emit the observed light requires according 
to kinetic calculations, 10— 10" carriers cm~*. Further 
the great lowering of discharge voltage by No, above- 
mentioned, indicates also a concentration, of this order, 
of something much more easily ionized than Xe. Now 
a high concentration of a carrier requires either that it 
have a long life or that it be rapidly created (and 
destroyed). The absence of evidence of the large out- 
put of energy required by the latter indicates the 
carrier to have actually a life of the order of seconds. 
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Conductivity measurements in the afterglow with 
Ba addition indicate 10°— 10° ions cm-*. This low con- 
centration of Bat, which is confirmed by the unde- 
tectability of the recombination spectrum, cannot 
account for the observed light by collision of the car- 
riers with Ba ions. Therefore, the excitation of the 
Ba I lines must occur in a single act from Ba. There- 
fore the carrier energy must be >7.90 ev. 

The carrier could be Ne(*Z,~), having an energy'” of 
8.164 ev, except that its lifetime’ (<3X10- sec) is too 
short to be of help except in the very early afterglow. 

The evidence therefore suggests that N2(°A,) has an 
energy between 7.90 and 8.28 ev and a life of 1-2 sec. 
Such a long life could explain why this state has not 
been observed in emission or absorption. 


' P. G. Wilkinson, J. Chem. Phys. 32, 1061 (1960). 

2 C. Kenty, J. Chem. Phys. 23, 1555 (1955). 

*Y. Tanaka and M. Zelikoff, J. Opt. Sci. Am. 44, 254 (1954); 
Phys. Rev. 93, 933 (1954) ; C. Kenty, ibid. 93, 651 (1954). 

* The carrier could be the long lived carrier here under discus- 
sion provided its energy lay close below 8.28 v, so that kinetic 
collisions could make up the energy defficiency.? 

°C. Kenty, Bulletin 16th Annual M.I.T. Conference on Physical 
Electronics, 1956, p. 85. 

6 This carrier was called X in reference 2, where it was thought 
to be Ne(a’). It has since been shown’ that N2(a’) has an energy 
of 8.398 ev, too high for the present purpose, and a life of 4X 10™ 
sec; too short for the present purpose. 

7M. Ogawa and Y. Tanaka, J. Chem. Phys. 32, 754 (1960). 
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Remark on the Mulliken Approximation for 
Two-Center Electron Distributions* 


AupREY L,. CoMPANION 
Department of Chemistry, Illinois Institute of Technology, 
Chicago 16, Illinois 
AND 
RoBert G. Parrt 
Department of Chemistry, Carnegie Institute of Technology 
Pittsburgh 13, Pennsylvania 
Received August 16, 1961) 


HE Mulliken approximation for a two-center elec- 
tronic distribution may be written 


Xa(1)x0(1) ~} SLxa?( 1) +x? 1) ], 


where x. and x» are atomic orbitals on atoms A and B 
and S is the overlap integral between them.!? This 
approximation is very useful both in approximate 
theoretical* and in semiempirical‘ calculations of molec- 
ular electronic wave functions. 

It has been suggested® that Eq. (1) might become 
more accurate as the forms of x. and x» are improved 
to give a better molecular wave function, for example, 
in the simple valence bond or the simple molecular 
orbital description of a bond between atoms A and B. 
To test this idea, one may define the Mulliken approxi- 


(1) 
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Taste I, Mean-square Mulliken approximation error, for 
various atomic orbitals in the hydrogen molecule-ion and hydrogen 
molecule.* 








Atomic orbital parameters? 





73, 55, 48, 32 
171, 148, 128, 36 


94,° 76, 65, 14 
200, 188,° 164, 133 
125,112, 97, 79 
215,£ 222, 220,» 321 








® Equation (3) of text. 

> Equation (4) of text. R is the A-B distance, yu is the effective charge param- 
eter, and J is the polarization parameter, all in atomic units. Equilibrium values 
of R in H2* and H: are approximately 2.0 and 1.5. 

© Essentially, the parameters are those in the original Heitler-London wave 
function for He, the energy associated with which is 0.057 a.u. above the ex 
perimental value. 


4 Essentially the Wang wave function for H2, the energy of which is 0.035 a.u 
in error. 

© Essentially the Rosen function for Hz, which is 0.026 a.u. in error. 

f Essentially the Pauling function for H2*, which is 0.038 a.u. in error. 

© Essentially the Finkelstein-Horowitz function for H2*, which is 0.020 a.u. 
in error. 

b Essentially the Dickinson wave function for H2*, which is 0.005 a.u. in error. 


mation error function, 
5(1) =xa(1)x6(1) —3.SLxa?(1) +x0?(1) J, 


compute the integral of 8 over all space, 


a= fe(1)av(1), (3) 
for various orbitals x, and x in the hydrogen molecule- 
ion and hydrogen molecule, and examine the depend- 
ence of the values of A on the orbital form. 

A convenient orbital form, sufficiently flexible to 
allow arbitrary effective charge and suitable polariza- 
tion, 1s 


Xa = N(1+Az,) exp(—ura), (4) 


where z, is the component along the internuclear axis 
of the distance r, of the electron from center A, A and 
u are parameters, and N is a normalizing factor. With 
this formula for xq, and a similar one for x», the quantity 
A of Eq. (3) can be evaluated by introduction of pro- 
late ellipsoidal coordinates. The final formula contains 
the familiar auxiliary functions 


An(a) = [ “g exp(—at)aé 
1 


1 
B, (8) -/ n” exp(—8n)dn. 


=~] 


Calculations of A for various values of A, uw, and the 
interorbital distance R were performed on the Univac 
1105 computer at Illinois Institute of Technology. 
The results are summarized in Table I. The original 
conjecture, that A should monotonically decrease as 
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orbital form is improved to give better energy, is seen 
to be false: change of effective charge to improve the 
Heitler-London function for hydrogen, for example, 
causes A to increase. However, incorporation of polari- 
zation, as in the Rosen function for hydrogen, does 
indeed tend to decrease A as well as improve the energy. 

The minimum value of A with y>1, except the zero 
values at R=0 and R=, is 14X10-, at R=1.5ap, 
u=1, \=0.6. That this R is the equilibrium distance 
in H: is probably fortuitous. 

Certainly other more sophisticated tests of the 
validity of Eq. (1) may be devised, but the simple test 
here described appears to settle the point at issue for 
sigma orbitals. 


*Supported in part by a research grant from the National 
Science Foundation to Carnegie Institute of Technology. 

t Alfred P. Sloan Fellow, 1956-1960. 
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Resonance Transfer Model of Electron and 
Hole Conduction in Anthracene* 


Davip KEARNS 
Department of Physics, University of Chicago, Chicago, Illinois 
(Received July 17, 1961) 


ECENTLY Kepler' measured the temperature 

dependence and anisotropy of electron and hole 
mobilities in anthracene crystals. In this paper we will 
be concerned with the applicability of a resonance 
transfer model in accounting for Kepler’s results. The 
expression 


v=2/h| Wi | H’ | ¥r)— War | or) Wr | A’ | vr) | 
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obtained from time dependent perturbation theory? 
was used to calculate the rate vy at which an electron, 
or a hole, initially localized on a particular molecule 
(state I described by yx) will be transferred to a neigh- 
boring molecule (state II described by Wr). H’ in the 
above expression is the perturbation on the electron 
donating molecule produced by a neighboring molecule 
which is to act as the electron acceptor in the electron 
transfer process. 

The potential energy V.(r) of a unit charge at a 
point r in the field of the perturbing molecule X is 


V.(r) = 
All_atoms of X All spa 

| -|ér Pn) 

Zaz(t— Ty 


|r—r, 


— On(n) +9n5(0n, 9 
| r—fa—o» | 


+ 2a ones 


where Fr, locates the mth atom of X with respect to the 
center of X, Qn(on) gives the electron distribution 
about the mth atom, gq, is the nuclear charge on n, 
5(on, 0) is a delta function centered on n, and r is the 
distance measured from the center of X. X is neutral 
in the case of electron conduction and we assumed 
that Z,2(r—r,)/|r—r,| could be approximated by 
the Fermi-Thomas potential at a distance (r—r,) 
from the neutral atom n. X is a positive ion in hole 
conduction and in this case Z,:(r—r,)/|r—r, | was 
assumed to be the sum of the neutral atom Fermi- 
Thomas potential plus the potential due to the frac- 
tional positive charge on atom that results from the 
removal of an electron from a neutral molecule. 
The quantity 


| War | A’ | br) — War | Yr) ar | A’ | 


will be large only in the region where y and yy; overlap 
strongly; hence, Z,:(r—r,,) can be taken as a constant 
with a value equal to that at the position of maximum 
overlap (Z,=0.10e+ for a neutral X when carbon 
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TABLE I. Calculated and observed electron and hole mobilities in anthracene. 








Calculated 


Quantity calculated 


or measured @ axis b axis 





Observed 
c’ axis 
(1 to a-6 plane) 


c’ axis 


(1 to a-b plane) in a-b plane 





u® (300°K)* 
x® (300°K)* 


u(T)/u> (300°K) \> 
u®(T)/u* (300°K) fe 


0.3 
0.3 


0.8 
0.5 
300/T 


(Aub/AP) /u (300°) 4 5% 
(Aut/AP) /u* (300°)4 5% 


2% 


300/T 
(370—0.23T)/T (300—0.024T)/T 


0.12 
0.15 


300/T 
(640—1.20T) /T 


1.3 
2.0 


0.4 
0.3 
300/T+0.14 (holes) 
(500—0.63T) /T 
(electrons) 
~16% 8 
NY, 


8% 


or 
8% 








® Units of cm*/v-sec, 4" =hole mobility, u°=electron mobility. 

b Effective internuclear distance assumed temperature independent. 

© Effective internuclea” distance assumed to vary with lattice parameters. 
4 Units of % change pcr 1000 kg/cm?. 
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atoms located 4 A‘ apart). The molecular wave func- 
tions were represented by products of Hiickel’ molecu- 
lar orbitals which in turn were expressed as sums of 
Slater® atomic orbitals, using Slater’s* rules to deter- 
mine the effective nuclear charges for the atomic 
orbitals. The state functions were then expressed as a 
product of a neutral and an ionic molecular wave func- 
tion. These approximations reduce the problem to the 
evaluation of integrals involving only atomic functions. 

The interatomic distances and angles between the 
pi orbitals of atoms located on neighboring molecules 
were calculated from Wyckoff’s® data, and Roothaan’s’ 
tables were used to evaluate the integrals in the expres- 
sion for v. 

If we assume that charge carriers are scattered after 
each intermolecular transfer, perhaps due to molecular 
vibrations which have about the same frequency as 
the charge transfer frequency v, then the mobility of a 
charge ¢ is related to y and the transfer distance d as 
follows’: »=d’e/kT. The room temperature electron 
and hole mobilities u* and y* calculated using the above 
formulas are found to be about a factor of five smaller 
than those measured by Kepler! (see Table I). Because 
of the approximations involved in the calculations, this 
discrepancy cannot be considered too serious. One way 
of accounting for this discrepancy is to assume that 
the charge carriers are transferred several lattice units 
before being scattered, as in a band model,” instead of 
assuming scattering after each intermolecular transfer. 

Measurements" indicate that the temperature varia- 
tions in the anthracene crystal lattice dimensions are 
almost the same as the temperature variation in the 
amplitudes of the molecular vibrations about their 
equilibrium positions.” Without detailed calculations 
it is not clear how the effective intermolecular distance 
resp Will vary with temperature. The temperature de- 
pendences of mobilities calculated assuming that, (1) 
rest is temperature independent, or, (2) that the thermal 
expansion of the lattice represents the increase in fess 
are given in Table I. 

We assumed that the ratios of the compressibilities 
along the different crystal axes are in the same ratio 
as the coefficients of thermal expansion along the same 
axes and used Bridgman’s® data on volume com- 
pressibility of anthracene to evaluate the compressi- 
bility along the three crystal axes. With these values it 
was possible to calculate the pressure dependence of 
the electron and hole mobilities. The results of these 
calculations also appear in Table I. 

The resonance transfer model predicts that both 
electron and hole mobilities will vary approximately 
inversely with temperature in agreement with experi- 
ment. However, both electron and hole mobilities are 
predicted to have the same temperature dependence, 
and this is not observed.! The predicted anisotropy of 
hole mobility in the three crystal directions 


(px~2 eS ) 
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is in good agreement with experimental results." How- 
ever, the predicted anisotropy of electron mobility in 
the a-b plane (ws~2y,) is opposite to that observed. 
Kepler,“ in preliminary measurements, finds that hole 
mobilities perpendicular to the a-b plane increase 
roughly 50% at 3000 kg/cm? whereas a 25% increase 
was predicted. A similar increase in electron mobility 
was predicted, however essentially no change with 
pressure was observed. 

This work was sponsored by the AF Office of Scientific 
Research of the Air Research and Development Com- 
mand. I am indebted to Dr. Peter Fontana for helpful 
discussions on this problem and to Dr. LeBlanc and 
Dr. Kepler for their results prior to publication. 
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Theoretical Calculation of Isotropic hfs 
of the Free NH; Radical 


Jiro Hicucni* 


Research Laboratory of Resources Utilization, Tokyo Institute of 
Technology, Ookayama, Meguro-ku, Tokyo, Japan 
(Received July 5, 1961) 


LECTRON spin resonance spectra of various 
radicais have been carefully investigated in solu- 
tion and matrix, but the N“ hyperfine (hf) structure 
has not always been resolved in all radicals with an 
N* nucleus. Recently, Foner et al.! have obtained the 
hf spectra of the free NHp radical stabilized in argon 
at liquid-helium temperature. The hf coupling con- 
stants so obtained were 23.9 gauss for H! and 10.3 
gauss for N™. It is very interesting to study the hfs 
theoretically not only for H' but for N", since the 
theoretical works on nitrogen hf structure have been 
rather scarce and this is the simplest example. Ac- 
cordingly, a nonempirica! calculation was carried out 
for the NHg radical. 
The method adopted was quite the same as that in 
the previous work on the methyl radical.? The molecu- 
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lar orbitals used were SCF-LCAO-MO’s obtained by 
the present author’ at the NH internuclear distance of 
1.01 A assuming that the structure is an isosceles 
triangle (Cy). Electron configurations taken into ac- 
count were: I, (1a;)?(2a,)?(1b.)?(3a;)?(16;) ; II, (1a;)* 
(2a;) (1b2)?(3ay)?(18,) (4ay) ; TIT, (1a)? (2a;)?(1b.)?(3ay) 
(16;) (4a,); and IV, (1a;)2(2a;)?(1b,) (3a;)2(1b;) (2b2). 
By using the first-order perturbation, the ground- 
state (?B,) wave function (WF) was obtained, e.g., at 
the bond angle ZHNH’ of 105° which is the most 
stable configuration in the previous calculation,’ as 
follows: 

We =V¥1+0.05979 11 +0.0177V111+0.0090V yy, 
where 
Vi =O 74RD dnt Oi 1G iP ip 1Gi41* * *O-16-16 do 

XaB-+++aBaB+++aB(2aaB—aBa—PBac), 


(k=II, II, 1V). (2) 


(1) 


The WE’s of the other types did not appear in the 
ground state wherein the first-order perturbation was 
adopted by using the restricted SCF-LCAO-MO’s.? 
Thus, the hf coupling constants were calculated as 
shown by curves (a) and (c) in Fig. 1. 

The H? splitting increases with increasing the bond 
angle because of the increase of s character in the N—H 
o-bond orbitals.‘ At the bond angle of 105°, the coupling 
constant is obtained as — 16.1 gauss and the contribu- 
tion of configurations (II), (III), and (IV) are — 10.3, 
—2.9, and —2.9 gauss, respectively. This value is 
fairly satisfactory as compared with the case of the 
methyl yadical? (deaire=—16.8 gauss while |dexp | 
23~27 gauss) in which only the valence-shell atomic 
orbitals were taken into account. Furthermore, a better 
result can be expected by including the extra-valence- 
shell orbitals as in the methyl radical (dea1pe=— 20.4 
gauss). 

On the other hand, the N“ coupling constant was 
calculated as being considerably large. At the bond 
angle of 105°, it was obtained as +29.7 gauss, in which 
the contributions from configurations (II) and (IIT) 
are +41.6 and —11.9 gauss, respectively. Lack of con- 
tribution of (IV) is because of the symmetry of the . 
orbital. The N" hfs also increases with the increase of 
the bond angle, due to the increase of the s character 
in the hybridized o orbital of nitrogen. The discrepancy 
from the observed value of 10.3 gauss can be explained 
fairly well referring to the recent works of the hfs of 
N"™ atom by Das and Mukherjee’ and Kayama.® For 
the 4S state, they obtained ay(1s)=—15.4 gauss 
(D—M) and —15.0 gauss (K) in spite of the different 
treatments adopted, while the experimental value of 
whole atom is only +3.7 gauss. This shows that the 
effect of exchange polarization from inner shell is very 
large. Since the shape of inner shell is very close in 
both the cases, that of the N atom and the NH: radical, 
a reasonable approximation of the 1a polarization 
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Fic. 1. Calculated hf coupling constant of the free NH: radical. 
(a) N* hf coupling constant without 1a; exchange polarization; 
(b) N* hf coupling constant with 1a, exchange polarization; 
(c) H' hf coupling constant. 











contribution of NH: radical can be — 15 gauss of the 1s 
polarization of N atom which is nearly independent of 
the bond angle. This approximation can easily be 
verified from the viewpoint of configuration interaction. 
The N"™ hfs of NH: radical so obtained is qualitatively 
satisfactory when it is 14.7 gauss at the bond angle of 
105° as shown by curve (6) in Fig. 1. In addition, 
further improvement is expected by including the extra- 
valence-shell orbitals, 3sx, 3pn,° 2pu, etc., but such a 
calculation is not taken up here because of lack of 
SCF-LCAO-MO’s with such orbitals. 


* Present address: Bell Telephone Laboratories, Inc., Murray 
Hill, New Jersey. 

1S. N. Foner, E. L. Cochran, V. A. Bowers, and C. K. Jen, 
Phys. Rev. Letters 1, 91 (1958). 

2 J. Higuchi and S. Aono, J. Chem. Phys. 32, 52 (1960). 

3 J. Higuchi, J. Chem. Phys. 24, 535 (1956). In the present 
calculation, the Fermi term was calculated by using the SCF-AO’s 
of 4S state of nitrogen atom [D. R. Hartree and W. Hartree, 
Proc. Roy. Soc. (London) A193, 299 (1948) ]. 

4 J. Higuchi (unpublished work). 

5'T, P. Das and A. Mukherjee, J. Chem. Phys. 33, 1808 (1960). 

®K. Kayama, (unpublished work); this work includes the 
calculation of the hfs at the minimum electronic energy obtained 
by changing the orbital exponent. 


Ultrasonic Absorption in Aqueous 
Hydrogen Peroxide Solutions* 


J. P. VALLEAUT AND W. G. SCHNEIDER 
Division of Pure Chemistry, National Research Council, 
Ottawa, Canada 
(Received July 20, 1961) 


HE absorption of sound in hydrogen-bonded solu- 

tions is not yet thoroughly understood.'* With this 
in mind, we have measured the absorption and velocity 
of high-frequency ultrasonic waves in solutions of 
hydrogen peroxide and water, using a “‘pulse’’ method 
to be described elsewhere. The stronger solutions were 
prepared by diluting Becco concentrated peroxide solu- 
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Absorption @ and velocity ¢ of hydrogen peroxide solutions at 20.0(+0.2)°C. 








Frequency 
v (Mc sec) 


10°*¢ 
(cm/sec) 


10” a/v? 
%- 
(sec?/cm) 


89 .¢ 
89. 


89. 
89. 
64.:! 
89. 
64. 
89.7 


95.3 


tion with twice-distilled water; for, the more dilute 
solutions Baker and Adamson 30% peroxide solution 
was used. The concentrations of the solutions were 
measured by comparing their refractive indexes with 
those determined by Giguére and Geoffrion.‘ To mini- 
mize the decomposition of the peroxide, the apparatus 
was cleaned with hot fuming sulphuric acid.> Table I 
gives the results at 20°C; Fig. 1 shows in addition some 
results on dilute solutions at lower temperatures and 
at frequencies of either 65 or 90 Mc/sec. There is no 
evidence of relaxation at these frequencies. 

The shape of the curve of absorption against con- 
centration is perhaps surprising, since pronounced 
peaks are found in such curves for many hydrogen- 
bonded solutions, and are ascribed to relaxations in the 
liquid structure. In particular this “anomalous absorp- 
tion” is exhibited by aqueous solutions of almost all 
ketones and alcohols, where one would expect to find 
structural processes similar to those of hydrogen 
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Fic. 1. Sound absorption in hydrogen peroxide-water solutions. 
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peroxide solutions. A good deal of thermodynarnic data 
is of course available on these solutions,’ but we have 
no model detailed enough to explain the difference in 
acoustic behavior. (The heights of such peaks are de- 
creasing functions of temperature, and in the case of 
methanol-water solutions it was necessary to go below 
room temperatures to display a peak’; the low tem- 
perature results for the present case do not suggest 
such behavior, however. ) 

The classical viscous sound absorption, due to Stokes, 
is given by 

a,=8r'n/3pc*, 


where 7 and p are the shear viscosity and density of the 
fluid. It has often been remarked that for hydrogen- 
bonded liquids, except in the region of the anomalous 
absorption, the ratio a/a, behaves in a surprisingly 
regular way: the value of the ratio is never far from the 
range 1.5 to 3, and is very closely independent of tem- 
perature. In the table may be found values of this ratio, 
calculated for our peroxide solution with the help of 
published data on the viscosity* and density.’ They 
take appropriate values, and lie on a smooth nearly 
flat curve, over the whole range of concentration, 
emphasizing the absence of the expected ‘“‘anomaly.” 


*N.R.C. Contribution No. 6595. 

7+ N.R.C. Postdoctorate Fellow, 1958-1960. Present address: 
Chemistry Department, University of Toronto, Toronto, Ontario. 
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charge program. 

Printed below is a revised announcement concerning 
Letters to the Editor in The Journal of Chemical 
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LETTERS TO THE EDITOR 


The Letters to the Editor section is subdivided into 
three parts entitled Communications, Comments and 
Errata, and Notes. These three sections are all subject 
to the same limitations on length. The textual material 


of each Letter is limited to 950 words minus the follow- 
ing: (a) 200 words for each average-sized figure; (b) 50 
words for each displayed equation; (c) 7 words for 
each line of table including headings and horizontal 
rulings. No proof will be sent to the authors of Com- 
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Communications. Letters in this category are re- 
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cases the details of such work, in a completed form, 
will be published at a later date. Communications are 
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the authors of 


opinions expressed by the correspondents. Communica- 
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of the other on the matters under discussion. The two 
Letters will then be published simultaneously. In cases 
where it seems desirable, the Editor will recommend 
that a single joint comment by the two parties con- 
cerned be published in this section. The Editorial Board 
will not hold itself responsible for opinions expressed by 
the correspondents. 
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reviewed in the same manner as are articles, and re- 
viewers will be asked to judge them by the same 
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Notes are intended as final publication of the work 
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